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Additive manufacturing (AM), also known as industrial three dimensional (3D) printing, is a
modern production method which manufactures a workpiece directly from a digital model,
often layer by layer. This method allows for designs and geometries which are prohibitively
complex to manufacture using conventional techniques. Bimetallic objects are defined as
consisting of two metals that are joined together and AM of bimetals is the practice of using
AM techniques to produce bimetallic objects. Stainless steel 316L (316L) is a widely used
cost effective alloy with good material properties for industrial applications. Nickel-based
superalloy Inconel 718 (IN718) is a high-performance superalloy used in demanding
conditions. The bimetallic combination of 316L-IN718 is a high-performance material
combination for nuclear energy and aerospace applications, for which additive manufacturing
has been proposed as a viable method of production.

The aim of this thesis is to establish an understanding of the additive manufacturing of
bimetallic 316-IN718 via laser-based powder bed fusion. The thesis aims to study the additive
manufacturing process for bimetallic 316L-IN718 and the properties of 316L-IN718
manufactured by laser-based powder bed fusion. This includes the study of the parameters
used to manufacture IN718 onto an additively manufactured 316L substrate as well as the
study of manufactured 316L-IN718 workpieces in laboratory measurements. Research is
conducted to determine the manufacturability of the bimetallic combination of 316L-IN718,
as well as determine the effect of an IN718 focused heat treatment plan on the properties and
characteristics of the bimetallic combination.

Main findings include the successful additive manufacture of 316L-IN718 via laser-based
powder bed fusion, as well as the influence of the IN718 heat treatment on the bimetallic
material properties: porosity, microstructure, geometrical accuracy, hardness, corrosion rate.
Hardness and corrosion rate results are compared to values found in literature and observed
behavior is compared with theoretical understanding. Heat treatment is observed to cause a
notable increase to the hardness of IN718 while having a minor negative effect on the
hardness of 316L, with the interface gaining a minor positive effect. Heat treatment is
observed to increase corrosion rate for IN718, 316L and the interface.

Future research is suggested to focus on further study of the corrosion behavior as well as
dilatometry, fatigue investigation, computed tomography, residual stress analysis and helium
leak tests. Overall, this thesis provides an overview of laser-based powder bed fusion, the
bimetallic combination of 316L-IN718 as well as its properties and characteristics when
manufactured via laser-based powder bed fusion.

Keywords: Additive manufacturing, AM, laser-based powder bed fusion of metals, PBF-
LB\M, bimetal, Nickel-based superalloy Inconel 718, INCONEL718, IN718, Stainless steel
316L, SS316L, 316L, process parameters, material properties
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Abbreviations Explanation

AB As-built

AM Additive manufacturing

AMed Additively manufactured

CAD Computer assisted design

HT Heat-treated

IN718 Nickel-based superalloy Inconel 718

PBF-LB Laser-based powder bed fusion

PBF-LB\M Laser-based powder bed fusion manufacturing of metals
3D Three-dimensional

316L Stainless steel 3161
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1 Introduction

The additive manufacturing (AM) of metal has been a growing trend in the manufacturing
industry as of late. [1] Additive manufacturing — also known as industrial three-dimensional
(3D) printing — is a method of manufacture in which material is added, joined or deposited

together in an iterative process to manufacture a final workpiece, often layer by layer.

AM technology has advantages over conventional reshaping-based or removal-based
manufacturing methods. AM allows for linear production costs for cost-efficient small-scale
production. [2] AM is useful in the manufacture of replacement parts, due to not needing a
long supply chain for any given part, only the three-dimensional (3D) model and the AM
machine and material. [3] This would be especially useful for machines which no longer have
the support of conventional manufacture of repair parts due to, for example, the supply chain
or the production lines being discontinued. AM can also be used to repair a damaged part

directly instead of the fabrication of a completely new replacement part. [1]

AM also makes previously challenging levels of detail more achievable, such as specific
microstructures and surfaces within a part. [1] Additionally, AM allows increased complexity
due to the increased degrees of freedom in the manufacturing process compared to
conventional removal or reshaping based manufacturing processes. [1] For example: AM
technologies are also used in biomedicine for the production of bone implants, utilizing the
aforementioned advantages of AM to make customizable, small-production scale products

which would be complex to produce with conventional manufacturing methods. [4]

Additive manufacturing of multimaterials is defined in this thesis as AM used in the
manufacture of a workpiece which utilizes multiple materials. Bimetallic AM is defined in

this thesis as the manufacture of a workpiece utilizing two metals.

Bimetallic AM allows manufacturing of different types of bimetals: similar and dissimilar.
Similar metals are defined in this thesis as metals which have similar physical properties and
have similar elemental composition. Dissimilar metals are defined in this thesis as metals

which have differing physical properties and elemental compositions.

The AM of similar metals would be useful in repair of broken parts, where the original parts

were made without bimetallic features. [1]



The study of AM of dissimilar metals is suitable for novel designs and innovation, as it can be
used to manufacture complex pieces with a material specific to the function of a given

portion. [1]

The manufacture of metal pieces via AM has been under extensive study already, as seen in

Figure 1.
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Figure 1. Research landscape of bimetal AM from 2007 to 2024 according to different search queries and
keywords on Scopus. The right vertical axis is for the bimetallic results, while the left vertical axis is for the rest.
However, the use of bimetals is yet to be studied with similar rigor, as can be seen in Figure 1.
This could be so because the technology naturally requires understanding of the process for

single metals before it can be applied to bimetals effectively.

Figure 1 shows that the number of publications of metal AM is approximately half of the
number of all AM publications. Furthermore, the number of bimetal AM publications can be
seen to follow a similar curve to metal AM. The number of bimetal publications seems to
follow a pattern of being one tenth of the number of metal AM publications from two years

prior.



Research into laser-based powder bed fusion (PBF-LB) of dissimilar metals has seen a rise in
the 2020s. This can be seen in Figure 2. [1] Figure 2 a) shows that PBF-LB research for
dissimilar metals begun to grow in prominence in 2019, and Figure 2 b) shows that hardness
and tensile properties are the two most common properties to be studied. Figure 2 ¢) shows
that the most prominent metals used in the study of dissimilar metals are steels combined with

either copper-based materials or Inconels.
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Figure 2. Figure detailing the research landscape of bimetal AM via laser-based powder bed fusion during the
time from the year 2014 to the June of 2024.

a) Displays the number of publications on the topic per annum.

b) Displays the properties studied in the publications.

c) Displays the material combinations studied in the publications. [1]

Image: Ibrahim H. ZainElabdeen [1]



1.1 Aim and purpose of thesis

This thesis aims to study the bimetallic material combination of stainless steel 316L (316L)
and nickel-based superalloy Inconel 718 (IN718) which are additively manufactured (AMed)
via PBF-LB\M. The PBF-LB\M manufacturing process is studied via a review of the relevant

literature and experimental tests and observations.

The scientific relevance of this thesis lies in the innovative nature of PBF-LB\M of dissimilar
metals, as research on the topic as a whole is still rather limited. Research on the properties of
the bimetallic combination of 316L.-IN718 manufactured via PBF-LB\M is also limited.
Additionally, this thesis contributes to the understanding of metallurgical compatibility as

well as interface bonding in PBF-LB\M technology.

The industrial relevance in this thesis lies in the aforementioned innovative nature of the PBF-
LB\M of dissimilar metals, as the technology allows for novel designs and applications.
Especially the specific material combination of 316L-IN718 is of interest due to the
combination being used in highly demanding applications. The combination of the high level
of material performance and the possibilities afforded by the PBF-LB\M technology in design

allow for lucrative opportunities for industry.

This thesis is a part of an industrial project, wherein the project shareholders: Wartsil4,
Valmet, Bluefors, Patria and EOS investigated and studied bimetal additive manufacturing.
The “Bimetallic Research Project” focused on the “testing and characterization of bimetallic
materials manufactured by laser-based powder bed fusion technology”. The goal of the
project, as well as this thesis, was to create a knowledge basis for bimetallic PBF-LB\M from

both a process as well as material properties point of view.



1.2 Research questions

This thesis answers five research questions:

e What is the level of manufacturability of the bimetallic combination of 316L-IN718 using
the PBF-LB\M process? Can the materials be joined together reliably and effectively

using the process?

e What are the material properties and physical characteristics of the bimetallic combination
of 316L-IN718 manufactured via PBF-LB\M? The material properties and physical
characteristics of concern being: porosity, microstructure, geometrical accuracy, hardness

and corrosion behavior.

e How does the heat treatment of IN718 influence the material properties and physical
characteristics of the bimetallic 316L-IN718 manufactured via PBF-LB\M? What effects
does the heat treatment have on the performance and measurements of the alloys and the

interface?

e What is the theoretical basis behind the behavior measured for porosity, microstructure,

geometrical accuracy, hardness and corrosion behavior?

e How do the results and behavior observed of the porosity, microstructure, hardness and

corrosion behavior measurements compare with results in the literature?
1.3 Research methods

PBF-LB\M manufacturing parameters for IN718 built on top of 316L are studied and
evaluated by experimental testing. The study of the material combination will be performed
via bimetallic 316L-IN718 workpieces. The workpieces are manufactured with PBF-LB\M by
first manufacturing the 316L portion via PBF-LB\M and then using PBF-LB\M to
manufacture IN718 on top of the 316L material. The quality of the bimetallic interface and
manufactured IN718 is evaluated for each workpiece. A process of elimination is employed to

select the parameters used in the production of the highest quality workpiece.

The experimental tests and observations on the bimetallic material combination of 316L-
IN718 will be performed on a set of workpieces manufactured with the parameters

corresponding to the highest quality workpiece determined in the process of elimination. Half



of the workpieces will receive heat treatment according to an IN718 heat treatment plan to

allow for the study of the effect of the heat treatment on the bimetallic material combination.

The AMed bimetallic material combination of 316L-IN718 is measured for porosity,
hardness, geometrical accuracy and corrosion rate in experimental tests. Observations of the
porosity and microstructure of the material combination are made using microscopy.
Furthermore, the influence of an IN718 heat treatment plan for the bimetallic material is
determined by repeating each measurement for as-built workpieces as well as heat-treated

ones.

Porosity is measured via data-analysis of micrographs of the manufactured 316L-IN718

workpieces after they are set in an epoxy cast, ground and polished.

The geometrical accuracy is measured with a 3D surface analysis microscope and determined

with analysis of the measurement data.

The hardness is measured with a Vickers hardness tester after the workpieces are set in an

epoxy cast, ground and polished.

The corrosion rate is measured with a potentiostat by cutting the workpieces into three types
of corrosion sample: 3161, IN718 and bimetallic 316L-IN718. The corrosion samples are
then soldered to copper wire, cast in epoxy, ground and polished. The potentiostat is set up
utilizing a corrosion sample as the working electrode, a Ag/AgCl reference electrode and a
graphite auxiliary electrode. All electrodes are held in NaCl solution and the measurement is
performed for each corrosion sample. The potentiostat performs a linear sweep voltammetry,

the data of which is then analysed.

Statistical analysis is performed on the porosity and hardness measurement results. The

results of the experiments will be compared to values in relevant literature.
1.4 Limitations

This thesis is a general overview on the topic of PBF-LB\M and the bimetallic material
combination of 316L-IN718. As such this thesis could be further analysed from a more
focused material physics, metallurgy, thermodynamics or electrokinetics point of view, or

from a production quality point of view.



This thesis does not contain observations of the crystallographic orientation within the studied
materials and as they are out of the scope of the thesis. Due to the limitations of schedule and

circumstance, this thesis will not contain dilatometry analysis or wear and tensile tests.

This thesis provides a general overview of the potential of additive manufacturing and
especially PBF-LB\M, but does not consider business case calculations e.g.: production time.
PBF-LB\M is chosen as the technique for this thesis due to it being the most widely used AM
technology as well as its cost effectiveness and versatility in material selection. [5]

The selection of the material combination of 316L-IN718 was made due to the interest of the

project shareholders in the material combination.



2 Background

AM is the practice of using an iterative process where small portions are joined to the
manufactured piece incrementally, thus producing the final piece. [1] The method of AM
studied in this thesis is laser-based powder bed fusion of metals (PBF-LB\M). PBF-LB\M is
performed by a laser beam introducing focused thermal energy on a powder bed, causing the
laser beam to heat a small volume of the powder to its melting point, forming a melt pool. [6]

The PBF-LB\M method is illustrated in Figure 3.

B

F G

Figure 3. Illustration of the PBF-LB\M process. Figure illustrated based on reference. [7]
A) Laser

B) Mirror scanner

C) Recoating blade

D) Powder

E) Workpiece

F) Powder supply platform

G) Building platform

In Figure 3 the laser source (A) emits the laser beam which the mirror scanner (B) then
reflects onto the powder bed below to a desired position and pattern. The beam melts the
powder (D) and the molten powder is fused into the workpiece (E) as it solidifies. Once the
desired portion of the powder bed is fused, the building platform (G) is lowered to allow for
an additional layer of powder to be spread on top of the previous powder bed. The powder

supply platform (F) rises so that the recoating blade (C) can move more powder (D) to make a

new bed of powder to melt. [7]



Powder has lower thermal conductivity compared to solid metal. [8] Due to this difference in
conductivity, most thermal energy is conducted away via the solid metal portion of a given

PBF-LB\M workpiece being manufactured.

When the thermal energy is transferred away from the melt pool, it cools and solidifies,

joining into the manufactured part. This is illustrated in Figure 4.

In Figure 4 the laser beam is focused onto the top surface of the powder bed, and the thermal
energy introduced by the laser beam heats the powder, causing it to melt. This melting forms
a melt pool. As the laser beam moves across the powder bed along the scan path, it melts and

as such fuses a track or a scan track to the already built workpiece. [7]
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7 ~
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Figure 4. The diagram for the process of PBF-LB\M.

Figure illustrated based on reference. [7]

To manufacture a desired workpiece or part with PBF-LB\M, first a computer assisted design
(CAD) file is made, which represents the digital three-dimensional (3D) model of the

workpiece, this is illustrated in Figure 5.
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Figure 5. The CAD file is imported to the PBF-LB\M machine software, and it is sliced to layers, and a scan path
for the laser beam is generated for each layer.

As Figure 5 illustrates, the CAD file of the digital 3D model of the workpiece is imported to
the PBF-LB\M machine software. In the software, the model is sliced into horizontal layers.
The height of the layers represents the thickness of each powder bed layer that will be spread
on top of the building platform and the previous layers during the PBF-LB\M process. A scan
path for the laser beam is generated for each horizontal layer of the digital 3D model by using
scan lines. The act of filling an area of a layer with a dense group of scan lines is called
hatching. [9] Each hatching follows a given hatching strategy, examples of which can be seen

in Figure 6.

The combination of hatching strategy and process parameters such as laser power and layer
thickness is called a scan strategy. [9] Scan strategies can also include layer-to-layer

differences, such as rotation between layers. [10]

In reality, typical layer height, hatch spacing settings and workpiece size would require vastly

more layers and scan lines than what is illustrated in Figure 5.

A contour may be used in the generation of the scan path for each layer. A contour is a scan
path which functions as the outline for a hatching. Hatched scan paths can follow different
kinds of hatching strategies such as a linear or a concentric strategy, which can be seen in

Figure 6 a) and b).
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Figure 6. Different hatching strategies used in PBF-LB\M. Figure illustrated based on references. [9], [10]

a) Linear strategy

b) Concentric strategy

¢) Islands with linear strategy.

Figure 6 illustrates different hatching strategies. Figure 6 a) shows the linear strategy, where
the scan path goes back and forth. Figure 6 b) shows a concentric strategy, where the scan
path rotates 90° to the right each time it meets an earlier scan line or the contour.

Figure 6 c) shows a linear strategy with islands, where a given area is divided into smaller

regions, called islands, which all have their own hatched scan paths. [9], [10]

Due to its iterative and additive nature, AM can be used to manufacture workpieces with more
complex geometries due to the increased number of degrees of freedom compared to

conventional manufacturing methods such as removal and reshaping based manufacturing. [1]

Examples of this could be intricate internal designs which utilize topological optimization.
Topological optimization is the practice of computing an optimal configuration for a structure
for a given set of requirements and criteria. [11] Topological optimization allows for internal
geometries which can, for example: minimize turbulence in flow of liquid [12], maximize
heat sink effectiveness [13], [14] and minimize the weight and material needed for a stress-
bearing component. [11] Examples of topological optimization are shown in Figure 7 and

Figure 8.
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Figure 7. A topologically optimized heat sink. [ 13] Image: Xiaogiang Wang [13]

Figure 7 showcases a topologically optimized heat sink. A conventional design is shown in
Figure 7 d). Topological optimization is used to determine a complex internal design for the
heat sink, seen in Figure 7 c). The optimization is performed by using iterative computation to
simulate which geometry for the heat sink internals would conduct thermal energy away
effectively, illustrated in Figure 7 b). The design allows for the heat sink to have the same
external dimensions and boundary conditions — seen in Figure 7 a) — as a conventionally
manufactured heat sink whilst also possessing a higher level of performance. This is due to

the optimized topology allowing for increased heat transfer. [13]

Figure 8 shows a topologically optimized microchannel heat sink. The geometry of the
microchannels in the heat sink were topologically optimized. The optimization improved the
hydrothermal performance of the heat sink as the porous ribs cause disruption to the thermal
boundary layer. [14] The thermal boundary layers being the layer after which the temperature
of a liquid begins to experience a gradient from the temperature of the bulk of the liquid to the

temperature of the wall as the wall is approached. [15]



i,

(a) straight solid-ribbed microchannel-6 (SSRMC-6) (b) straight selid-ribbed microchannel-9 (SSRMC-9)

-

(c) topology-optimized solid-ribbed microchannel-095  (d) topology-optimized solid-ribbed microchannel-100

(TOSRMC-095) (TOSRMC-100)

Porous Domain Porous Domain

Fluid Domain

Solid Domain

(e) straight porous-ribbed microchannel-6 () topology-optimized porous-ribbed
(SPRMC-6) microchannel- 100

(TOPREMC-100)

Figure 8. A topologically optimized microchannel heat sink, which can be used to cool down microchips. [ 14]

Image: Kailu Cui [14]

The already intriguing opportunities of AM are further expanded once multi-material pieces

are considered. Examples of potential applications for bimetallic 316L and IN718 are a hot-

side heat exchanger for fission surface power systems [16] and as pressure tubes for nuclear

fission reactors. [17]
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3 PBF-LBWM

The process of PBF-LB\M has challenges and considerations in addition to its advantages.
Considerations such as the selection of manufacturing parameters as well as design of the
workpiece are important. Proper parameter selection results in lowering the risk of defects and
outright failure. [18] Overhangs are a limitation of PBF-LB\M design and unsupported

overhangs are to be avoided in workpiece design. [19]

Overhangs are illustrated in Figure 9.

\WAVAVAVAVAVAN
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a) b) c)

Figure 9. An illustration of the problem of overhangs.

a-c) The CAD file of the 3D model on the left in blue, with the workpiece being built on the right in green.

a) shows a steep enough angle for the overhang, no defects or issues experienced.

b) shows too shallow an angle for the overhang, causing a warping defect, which hinders recoating.

¢) shows a shallow angle for the overhang but which is supported by a support structure, preventing warping.
As can be seen in Figure 9, an overhang is a portion of the design which has too little support
from previously built layers. A design with an overhang that would cause a defect during
fabrication can be modified to contain a support structure. Support structures prevent defects
that are caused by overhangs, as illustrated in Figure 9 c). An overhang that is gradual enough

can be readily manufactured, as seen in Figure 9 a).

Overhangs that are too shallow experience warping due to the thermal stresses involved in the
PBF-LB\M process causing material yielding, leading to distortion and warpage. [20]
Overhangs also suffer from dross formation due to the sinking of the melt pool, melt pool

sinking being caused by the lack of a solid previously built layer below the melt pool. [20]
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As such, designs which contain unsupported overhangs risk structural weaknesses in the
finished workpiece or outright failure of the building process. The workpieces in this thesis

were self-supporting and as such did not need supports.

Metal powders have properties — such as reflectivity or absorptivity — that need to be taken
into account when using PBF-LB\M. The thermal energy which the laser beam can input into
powders with high reflectivity is lower compared to powders with low reflectivity. [21]
Furthermore, it is important to know how well the formed part’s material will conduct heat
away from the melt pool. Powders are all less thermally conductive than a solid piece of a
given material. [22] This is due to the fact that powder particles are insulated by the
atmosphere between powder particles, and that particle-to-particle heat transfer bandwidth is
lower compared to bulk material due to the transfer area being close to a sphere-sphere

contact area. [22]

There are many considerations during this process, for example: powder spreading dynamics
to instability of the melt pool, Marangoni flow and spattering. Powder spreading dynamics are
studied out of concern for the even spreading of the powder when recoating it on the building
platform and on a previous layer. Instability of the melt pool is naturally undesirable due to
the loss of predictability of the process, but also because a stable melt pool lowers the risk for
structural weaknesses due to a reduction in porosity. [23] Marangoni flow is fluid motion
caused by the high temperature gradients present in PBF-LB\M. These temperature gradients
cause surface tension gradients, which causes Marangoni stress in the molten metal — this
stress causing Marangoni flow in the melt pool. Marangoni flow is one of the key factors in
melt pool behavior, and as such it is important to be taken into account in PBF-LB\M. [24]
Spattering is the ejection of powder due to vapor jetting caused by the evaporation of metal.

Spattered powder is noted as being a source of porosity. [25]
3.1 Laser-based powder bed fusion of metals for dissimilar alloys

Due to fact that PBF-LB\M for dissimilar alloys involves materials which may possess
differing properties, special consideration must be given for the interface between the alloys.

Consideration ought to be given to, for example:

e how well the interface between the materials will respond to the potentially different

volumetric energy densities preferred for each material;
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e would the two different materials combine together to form intermetallic compounds and

could said compounds be potential structural weaknesses;

e would one of the two materials be better suited to be the substrate upon which the other is
joined to avoid potential issues. For example: the softer and weaker material could be the

one which is built directly onto the building platform, allowing for easier removal.
There are different types of interfaces between materials, such as:

e Bimaterial, where the interface changes from one material to the next without grading.

e Functionally graded, where the interface changes from one material to the next gradually,
usually by the powders being mixed in specific ratios.

e Multimaterial with interlayer, where there is a third material that forms a thin interface
with the two other materials. [1]

These are illustrated in Figure 10.

- Material A
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! 1
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1
: with interlayer : - Material B
1
I 1
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| 3
| 1
! l
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! I

Bi-Material Functionally Multi-Material
(2D) Graded Material
(FGM)

- Material C

o

Figure 10. Illustrations for the different kinds of interfaces: a) bimaterial, b) functionally graded and

¢) multimaterial with interlayer. [1] Image: Ibrahim H. ZainElabdeen [1]

In this thesis, the AMed 316L-IN718 bimetallic workpieces are manufactured as bimaterial
ones, similar to the illustration of Figure 10 a). This selection was made due to its simplicity
to narrow the number of variables that had to be considered when planning and preparing the

experiments.
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3.2 Build parameters for PBF-LB\M

Parameter selection is to be done carefully, because values which correspond to too low or too
high volumetric energy density risk defect formation. [26] Lack-of-fusion porosity and
keyhole porosity are examples of defects caused by improper parameter selection.
Lack-of-fusion porosity is caused by the inability of the material to fuse together due to too
low energy density. Keyholing porosity occurs when excessive energy density causes

vaporization which then leads to porosity. [27]
The parameters in a PBF-LB\M process are as follows:

e Thickness (¢, layer thickness, um) describes the height of the powder bed which is rolled
or coated onto the building platform or on top of previous layers.

e Power (P, laser power, W) describes the amount of power the laser beam has.

e Speed (v, scanning speed, mm/s) describes the speed at which the laser beam travels the
scan path on the powder bed.

e Hatch (#, hatch spacing, pum) describes the minimum distance between two scan lines in a
scan path.

e Spot size (d, spot diameter, um) describes the diameter of the laser beam on the surface of

the powder bed.

The energy input of a laser beam into a powder bed is calculated via volumetric energy

density (Ev) according to Equation 1: [28]

P
Ey =— (D

Where P is the power of the laser beam, v is the scanning speed of the laser beam, /4 is the

hatch spacing for the scan path and ¢ is the layer thickness of the powder bed.

High laser power is the parameter most connected to build speed [29], due to higher laser
powers allowing for increased scanning speeds whilst maintaining effective volumetric

energy density. Build speed being the rate at which volume can be manufactured using PBF-

LB\M.

However, high laser power (1000 W) may be responsible for crack formation. [29] Increased
laser power could make the system more vulnerable to defect formation if other parameters

are not carefully selected, due to increased energy input causing volatility in the system.
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4 Materials

This chapter explores the materials used in this thesis.

The materials used in PBF-LB\M differ from those used in conventional manufacturing
mainly due to the material being powder instead of — for example — solid sheets.
Additionally, some materials such as IN718 are difficult to machine with conventional
methods. [30] Due to the difficulties of conventional manufacturing methods such as cutting
[30] the use of PBF-LB\M or other AM methods to manufacture IN718 is made more
appealing.

4.1 Stainless steel 316

Stainless steel 316L is a widely used metal, due to its desirable properties such as its
corrosion resistance, strength and plasticity. [29] Huang et al. noted that the study of PBF-LB

for the purposes of manufacturing 316L has been under extensive study. [29]

Stainless steel is preferrable in piping and steam-generating plants as well as other medium-
to-high temperature environments due to its high resistance to corrosion and fatigue and good

mechanical properties, in addition to its cost-effectiveness. [31]

Table 1 shows build parameters of 316L manufactured via PBF-LB\M upon a substrate of

IN718 and their calculated volumetric energy densities from different literature sources.

Table 1. The list of parameters used to fabricate 316L upon an IN718 substrate.

AM Parameters Ref.
P[W] v [mm/s] h [pm] ¢ [um] Ev[J/m?]
320 650 140 50 7.03E+10 [32]
175-225 550-640 120 50 - [33]
90 700 56 40 5.74E+10 [34]
Average: 6.39E+10

Table 1 shows the volumetric energy density calculated with Equation 1. It is worth noting

that the usefulness of volumetric energy density is shown in Table 1, due to the fact that it

allows for some comparison between parameter profiles which are different in every

parameter, yet may still be similar in energy density.
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Steel alloys manufactured by PBF-LB\M are observed to have a tortuous interface pattern. [1]
An example of this can be seen in Figure 11 b).

Tid

"Maréngdxji":: _
convedtions. -

y A

Figure 11. Micrographs of a bimetallic CrMn stainless steel and maraging steel 1 interface. Made by fabricating
maraging steel 1 using PBF-LB\M on top of cast CrMn stainless steel. Optical micrographs of a) low b) high
magnification are provided.

Note the Marangoni convection behavior seen in the steel-steel interface. [35] Image: Yuchao Bai [35]

As can be seen from Figure 11 b) the Marangoni convection causes specific spiral patterns in
the cross-section, seen at the interface. There are three clear different layers which can be
identified from Figure 11 b), as round patterns overlapping each other. Notice that in Figure
11 the first layer of the top material — whilst clearly separate from the substrate — has a
different hue to it compared to the bulk of the later top material. This implies that the first
one, two or three layers experience a gradient in being a mixture of the top and substrate

materials before being full bulk top material.

The tortuous pattern between the two steels in Figure 11 is noteworthy, as similar phenomena

are observed during the conduction of this thesis.
4.2 Nickel-based superalloy Inconel 718

Nickel-based superalloy Inconel 718 (IN718) is a high performance material used widely in
fields such as aerocraft, energy and space industry. [1] IN718, due to it being a superalloy, has
good properties for extreme environments where high strength, creep resistance and

toughness is needed. [1]
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According to Tucho et al.: “IN718 is a face-centered cubic, austenite (y) solid supersaturated
solution matrix rich in Ni, Cr, and Fe, an intermetallic Laves phase (Ni, Fe, Cr)2(Nb, Mo and
Ti), and precipitated phases of IN-718 alloy that mainly consist of the y" (Ni3Nb) phase, y'
(Ni3(Al, Ti)) phase, 0 (Ni3Nb) phase, and MC carbides” [36]

IN718 is known for its ability to maintain good mechanical properties up to 650 °C. It is used
in aerospace, nuclear, chemical and petrochemical applications where its high strength,
corrosion resistance and fatigue resistance are valued. Additional applications are: marine
architecture, electronic components, pollution control equipment and pulp, paper or metal

processing mills. [36]
IN718 possesses good weldability and is one of the most fabricated alloys in PBF-LB. [36]

Table 2 shows build parameters of IN718 manufactured via PBF-LB\M upon a substrate of

316L and their calculated volumetric energy densities.

Table 2. The list of parameters used to fabricate IN718 upon a 316L substrate.

AM Parameters Ref.
P[W] v [mm/s] h [pm] ¢ [um] Ev [J/m?]

300 900 80 30 1.39E+11 [37]
300 900 80 30 1.39E+11 [16]
100 700 140 50 2.04E+10 [32]
95 800 50 20 1.19E+11 [38]
300 900 80 30 1.39E+11 [39]
300 900 80 30 1.39E+11 [40]
300 900 80 30 1.39E+11 [41]
100-300 300-2100 - 45 - [42]
300 650 110 50 8.39E+10 [43]
285 960 110 40 6.75E+10 [44]
250-350 850-1050 90 40 - [45]
100 200 140 30 1.19E+11 [46]
Average: 1.10E+11

Note the different parameters given in Table 2. While there is variety in the parameters, the
set of 300 W, 900 mm/s, 80 um and 30 pum — for laser power, scanning speed, hatch spacing

and layer thickness respectively — are the most often mentioned set.
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Comparison between Table 2 and Table 1 shows that IN718 being built on top of 316L is
studied seemingly more than 316L upon IN718. [1]

Table 1 and Table 2 are based on the review paper by ZainElabdeen et al. from which the
references in said tables were acquired. The paper gives insight into the research landscape, as
it is a review of the state-of-the-art in multimaterial PBF-LB\M. [1] The reason for the greater
number of publications which study IN718 built on a 316L substrate could be due to
increased feasibility and convenience of removal after manufacture. It is simpler to remove
316L from the building platform than it is to remove IN718. IN718 needing more time or
more specialized equipment to remove than 316L due to, e.g. its greater hardness and its work

hardening phenomenon. [30]
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5 Heat treatment of IN718

This chapter explores the theory for the heat treatment method that was used in the
experimental portion of this thesis. IN718 is a material that experiences notable improvements
from heat treatment. The heat treatment plan for the workpieces used in this thesis was chosen

to be as follows:

1. Solution annealing for 2 hours at 954 °C
2. Water quenching

3. Ageing treatment for 8 hours at 718 °C
4. Ageing treatment for 10 hours at 621 °C.

It was decided during the duration of conducting the thesis that solution annealing would be
performed at 954 °C for two hours. The values of solution annealing and ageing treatments
have similarity to ones provided in literature. [47] Quenching in water after solution annealing

is also present in literature. [48]

The purpose of the solution annealing is to homogenize the alloy. The quenching is performed
to rapidly cool the homogenized alloy, as slow cooling rates at or below 7 Kelvin per second
would cause the formation of d phases. [47] The formation of 6 phases in the material is
undesirable due to the 6 phase facilitating cracking. [36] After the homogenization of the
alloy during solution annealing, the ageing treatment is then employed to produce desirable y’

and y" phases which enhance hardness. [49]
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6 Aim and purpose of the experimental part

The aim and purpose of the experimental part of this thesis was to study the manufacturability
of bimetallic 316L-IN718 using PBF-LB\M, as well as the properties of the materials as a

bimetallic combination — both as-built and heat-treated.
The thesis was split into three phases:

1. The planning phase

2. The optimization phase

3. The experimental phase

The thesis workflow is illustrated in Figure 12.

a) Planning phase b) Optimization phase c) Experimental phase
Literature review: Optimization sample: Test sample:
* Study of PBF-LB\M * Parameter selection * Design
* Study of 316L & IN718 * Design * Manufacture

* Manufacture * Heat treatment

Experimental phase planning:
* Determining workpiece: Optimization tests: Experiments and tests:

* Quantity * Microscopy * Microstructure

* Batch layout * Grading * Hardness

* Design * Optimal parameter selection * Geometrical accuracy
* Determining experimental * Corrosion

set-up and workflow.

Figure 12. A diagram of the thesis workflow.
The planning phase mentioned in Figure 12 a) included:

e The review of the literature, the study of PBF-LB\M as a technology and the study of the
316L-IN718 materials from the point of view of PBF-LB\M and use as a bimetallic

combination.

e The planning of experiments from the formulation of the workpiece quantity and layout

for each batch of workpieces produced to the geometry and design of the workpieces.

e The determining of the hardware and software which would be used in the experiments as

well as establishment of the experimental workflow.
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The optimization phase mentioned in Figure 12 b) included:

The selection of the parameters used in the PBF-LB\M process to manufacture the 316L

and the IN718 portions of each workpiece.
The adjustments of the design of the workpieces.

The manufacture of the workpieces to determine optimal parameters for the IN718 built
on top of the 316L. Optimal parameters being defined as that set of parameters used in
manufacture of IN718 on top of 316L which resulted in the least porosity and best

interface for the IN718 out of all the parameters used.

The microscopy of the workpieces as well as the evaluation and grading of the quality of
IN718 parameters, resulting in the selection of the best parameter set out of each

parameter set tested.

The experimental phase mentioned in Figure 12 c) included:

Adjustments to the workpiece design for the experimental phase as well as the
manufacture of the workpieces for experiments and tests. Adjustments including the
increase of the height of the 316L portion to allow for a margin which was used in

removal from the building platform.
The heat treatment of the workpieces using the IN718 heat treatment plan.

The preparation of the workpieces for their respective tests and measurements. As well as
the conduction of said tests and measurements for workpieces both as-built and heat-

treated, including:

e The porosity and microstructure measurements with polished workpieces and a
microscope, as well as digital data-analysis and statistical analysis to determine the

porosity and the confidence interval of the porosity.

e The hardness measurements using the hardness tester, as well as the digital data-
analysis and statistical analysis to determine the hardness and the confidence

interval of the hardness.
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e The geometrical accuracy measurements utilizing the 3D surface analysis
microscope as well as the digital data-analysis to determine the deviation of the

manufactured workpieces from the digital workpiece design.

e The corrosion measurements utilizing the potentiostat as well as the digital data-
analysis to determine the corrosion rate after an open circuit potential

measurement.

This thesis also compares the experimental results, measurements and behavior and with the

theoretical understanding and literature.
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7 Experimental set-up

This chapter will describe the experimental set-up which refers to the arrangement and

configuration of equipment, materials, and procedures used to conduct the experiments.
7.1 Powder materials

This chapter describes the powders that were used to manufacture the AMed bimetallic 316L-

IN718 workpieces used in the experiments.
7.1.1 The stainless steel 316L. powder

The powder that was used to AM the workpieces was similar as described in standard
316L ASTM A276 / DIN EN 10088 / 1.4404, produced by SLM Solutions. Table 3 illustrates
the chemical composition for 316 ASTM A276 / DIN EN 10088 / 1.4404.

Table 3. The powder composition of the used 316 ASTM A276 / DIN EN 10088 / 1.4404 [50]

ASTM A276

Fe Cr Ni Mo Mn Si P C S N
Min. 16.00 10.00 | 2.00
Max. Bal 18.00 14.00 | 3.00 2.00 1.00 0.045 | 0.030 | 0.030
DIN EN 10088

Fe Cr Ni Mo Mn Si P C S N
Min. 16.50 10.0 2.00
Max. Bal 18.50 13.0 2.50 2.00 1.00 0.045 | 0.030 | 0.030 | 0.10

As Table 3 shows, iron has the highest prevalence in the 316L alloy, with a minimum amount
of 61.895 and a maximum of 72.00 in ASTM A276. In DIN EN 10088 the minimum amount
being 62.895 and the maximum being 71.50.

The averages of the ASTM A276 / DIN EN 10088 / 1.4404 values from the Table 3 are
detailed in Figure 13.
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Figure 13. The mean average of the minimum and maximum value in the alloy 316L based on ASTM A276 /
DIN EN 10088 / 1.4404 [50]

As Table 3 and Figure 13 show, 316L ASTM A276 / DIN EN 10088 / 1.4404 is an iron-based

alloy, with notable prevalences (Pe[%]) for chromium, nickel, molybdenum and manganese.
Table 4 shows the powder properties for 316 ASTM A276 / DIN EN 10088 / 1.4404.

Table 4. The powder properties of 316L ASTM A276 / DIN EN 10088 / 1.4404 [50]

Particle size 10 —45 pm
Mass density =179 g/em’
Particle shape Spherical

7.1.2 The nickel-based superalloy Inconel 718 powder

The powder that was used to AM the workpieces was similar as described in standard IN718
ASTM F3055/ ASTM B637 / AMS5664, produced by SLM Solutions. Table 3 illustrates the
chemical composition for IN718 ASTM F3055 / ASTM B637 / AMS5664.

Table 5. The powder composition of the used IN718 ASTM F3055 / ASTM B637 / AMS5664 [51]

IN718 ASTM F3055 / ASTM B637 / AMS5664

Fe | Ni | Cr | TatNb | Mo | Ti Co | Al | Si Mn [Cu | C P S B
Min Bal 50 | 17 | 4.75 2.8 | 0.65 0.2

al.
Max 55 121 |55 33 | LI5S |1 0.8 103503503 ]0.08|0.015]0.015| 0.006

As Table 5 shows, nickel has the highest prevalence in the IN718 alloy. The prevalence of
iron in IN718 ASTM F3055 is 24.6 at maximum and 11.134 at minimum. The averages of the
IN718 ASTM F3055 / ASTM B637 / AMS5664 values from the Table 5 are detailed in
Figure 14.
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Figure 14. The mean average of the minimum and maximum value in the alloy IN718 based on ASTM F3055 /
ASTM B637 / AMS5664. [51]

As Table 5 and Figure 14 show, IN718 ASTM F3055/ ASTM B637 / AMS5664 is a
nickel-based alloy, with notable prevalences (Pe [%]) for chromium, iron, molybdenum,

tantalum and niobium.
Table 6 gives the powder properties for IN718 ASTM F3055 / ASTM B637 / AMS5664.

Table 6. The powder properties of IN718 ASTM F3055 / ASTM B637 / AMS5664 [51]

Particle size 10 —45 pm
Mass density =~ 8.2 g/cm?
Particle shape Spherical

7.2 Additive manufacturing, machining and heat treatment hardware

This chapter goes over the hardware used in the conduction of the thesis. Including the PBF-
LB\M machine, the furnace used for heat treatment, the saw with which workpieces were cut

and the polishing machine with which the workpieces were ground and polished.
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The hardware that was used is listed in Table 7.

Table 7. All hardware used for AM, machining and heat treatment during the conduction of the thesis.

Machine Manufacturer Name
PBF-LB\M machine Aconity3D Aconity MIDI+
Heat treatment furnace Nabertherm N7

Metal belt saw Optimum Opti S 290G
Polishing machine Struers Laboforce-100

Aconity MIDI+ is an open source PBF-LB\M machine. [52], [53] Aconity MIDI+

specifications as reported by Piiroinen [52] are:

e Build space: diameter 250 mm, height 250 mm.

e Laser configuration: IPG photonics CW, fiber laser, | = 1070nm, max power: 400 W
e Optics configuration: F-Theta, 3D scanning

e Spot size: 80 — 500 um

e Layer thickness minimum: 10 pm

e Scan speed maximum: 12 m/s

The Nabertherm N7 furnace used for heat treatment in this thesis had a maximum temperature
of 1100 °C according to the machine plaque. It was observed to have a heating rate of
approximately 400 — 450 °C per hour. The furnace was always operated by setting it to heat

up to a desired temperature from room temperature.

The Optimum Opti S 290 G metal belt saw was used to cut workpieces out of the building
platforms as well as to cut the corrosion samples from the workpieces. The machine was

operated manually and by utilizing the slower cutting speeds and a cutting fluid.

The Struers Laboforce-100 was utilized with specimen holder, single specimen holder and
manually during the conduction of this thesis. Variable rotations of the specimen holder and
the grinding platform were used. SiC papers ranging from grits of 120 — 4000 were used.
Diamond suspension fluid of 9, 3 and 1 pm were used. The specific fineness of SiC paper or
diamond suspension fluid used in a given experiment or measurement preparation is given

during the description of that experiment or measurement.
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7.3 Measuring instruments

This chapter goes over the measuring instruments used in the conduction of the thesis.
Including the microscope, hardness tester, 3D surface analysis microscope and the

potentiostat. The used instruments are given in Table 8.

Table 8. All measuring instruments used during the conduction of the thesis.

Instrument Manufacturer Name
Microscope Motic AE2000MET
Hardness tester Innovatest Falcon 600

3D surface analysis microscope Alicona InfiniteFocus G6
Potentiostat Ivium Vertex

The Motic AE2000MET objective specifications are given in Table 9. [54]

Table 9. Motic AE2000MET objective specifications. [54]

Objective Numerical aperture Working distance [mm]
LM Plan BD 5X 0.13 17.3
LM Plan BD 10X 0.25 16.3
LM Plan BD 20X 0.4 7.3
LM Plan BD 50X 0.55 7.2
LM Plan BD 100X 0.8 1.7
LM Plan 5X 0.13 20.3
LM Plan 10X 0.25 17.5
LM Plan 20X 0.4 8.1
LM Plan 50X 0.55 8.4
LM Plan 100X 0.8 2

As Table 9 shows, the magnifications available range from 5X to 100X. Specific
magnification used in a given experiment or measurement preparation is given during the

description of that experiment or measurement.

The Innovatest Falcon 600 was the hardness tester used to conduct the thesis. It was used to

conduct single point HV10 measurements with the dwell time of 10 seconds.

The Alicona Infinitefocus G6 was the optical surface roughness measuring device or 3D
surface analysis microscope used to measure the geometrical accuracy of the workpieces in

this thesis. The objective specific features are given in Table 10.
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Table 10. The Alicona Infinitefocus G6 objective specifications. [55]

Objective name 1900 800 800 400 400 150 80
WD30 WD37 WD17 WD30 WD19 WDI11 WD4

Working distance [mm] 30 37 17.5 30 19 11 4.5

Lateral measurement 3.8 1.6 1.6 0.8 0.8 0.3 0.16

range (X, Y) [mm]

Measurement point 1.77 0.72 0.72 0.36 0.36 0.14 0.07

distance [um]

Measurement noise [nm] | 80 40 15 20 5 2 1

Vertical resolution [nm] 250 130 50 80 30 15 10

The Ivium Vertex potentiostat was used with a Ag/AgCl reference electrode and a Graphite

auxiliary electrode. Measurements were performed in a 3.5 % by weight NaCl solution.
7.4 Design Software

This chapter discloses the design software used in the conduction of the thesis. Including the
software used to design the workpieces, the layout of the building platform, and with which

the PBF-LB\M machine was controlled. The used software is given in Table 11.

Table 11. All software used during the conduction of the thesis.

Software used for Producer Name

design of workpiece geometry PTC Creo 9.0.1.0
design of building platform layout Autodesk Netfabb 2025
control of the PBF-LB\M machine Aconity3D AconitySTUDIO

As can be seen from Table 11, PTC Greo 9.0.1.0 was the software used to design the
workpiece geometry. Workpiece geometry including the height of the 316L and the IN718
portions, the length of the sides of the workpieces as well as the rounding radii of the vertical
edges. Autodesk Netfabb 2025 was used to design the building platform layout. The building
platform layout being the pattern and orientation in which the workpieces would be built on
top of the building platform. Aconity3D AconitySTUDIO was used to control the PBF-LB\M

machine, it was used to select parameters and control the PBF-LB\M process.
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8 Experimental procedure (part A: PBF-LB\M of the 316L-IN718

workpieces)

To manufacture workpieces for study, first a plan for their layout on the building platform
was formed. The layout of the building platform determines where each workpiece is located
on the building platform. Then the digital 3D model of workpieces themselves were made
using Creo 9.0.1.0. Afterwards the workpiece geometries were ported to Autodesk Netfabb
2025 to have the digital 3D models of the workpieces be allocated on the digital model of the

building platform. The workpieces and their dimensions are illustrated in Figure 15.

a) } 10 mm i

-

10 mm

b) | 9 mm ‘.

1w Q[
10 mm

9 mm

Figure 15. An illustration of the workpiece geometries.

a) shows the horizontal view of the workpiece geometry.

b) shows the vertical view of the workpiece geometry.

Figure 15 shows the geometry of the workpiece. In Figure 15 a) one can see the design of the
workpiece geometry from a horizontal point of view, and in Figure 15 b) from the vertical

point of view. The rounding radius is 0.5 mm for the vertical edges. 316L is manufactured

first to act as a substrate for the IN718.
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The design of the workpiece was determined to be two cubes built on top of each other. The
vertical edges were set to have a rounding radius of 0.5 mm. This was done due to the fact
that sharp vertical edges, which require a build plan with sharp corners, could cause issues

during the PBF-LB\M process as sharp corners would experience increased thermal stresses.

Markings and identification text for the workpieces would be manufactured as 0.3 mm

protrusions from one of the vertical sides.

To determine the effects of the IN718 heat treatment plan on the bimetallic combination of
316L-IN718, it was decided that each test, measurement or experiment should have an as-
built and a heat-treated workpiece. Taking this into consideration, it was calculated that the
number of workpieces that could be built on the same building platform was 12. The
calculation was performed with Equation 2.
dgp—2m

T = g
Where ny;, is the number of workpieces, dpp is the diameter of the building platform, mgp is
the outer margin of the building platform, /vy is the length of the side of a workpiece and ms is

the margin between the workpieces.
This was concluded after:
e taking into account the margin around the edge of the building platform and

e ensuring that no workpiece overlap more than 1 mm with other workpieces on the

recoating blade width.

The number of workpieces were determined with Equation 2 using: dsp = 250 mm,

mgp = 20 mm, /wp = 10 mm and ms = 3 mm.

_ dgp—2mpp 250 mm — 40 mm
 V2(lyp) +ms  V2(10 mm) + 3 mm

As can be seen from the result, it was possible to allocate 12 workpieces while having a mean

~ 12.25

(I

average margin between workpieces of at least 3 mm.
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The geometry of manufactured workpieces can be seen in Figure 16.

Figure 16. Workpieces built onto the building platform that have not yet been removed. The marking “OF”,
“OD” and “OC” identified the workpieces, the markings are 0.3 mm protrusions from the side.

A) IN718 is built on top of the 316L substrate.

B) 316L is built on top of the building platform.

As Figure 16 shows, the cube located beneath the workpiece (A) was made of 316L, whereas
the cube located above the workpiece (B) was made from IN718. This was decided because of
the comparative ease of removal from the building platform is greater with 316L. The
markings on the workpieces were made to allow for tracking of the workpieces. The first
letter “O” in these workpieces designates their use as “optimization” workpieces, ergo: the
workpieces were meant to be used in the determination of the best parameters for IN718 built
on a 316L substrate using PBF-LB\M. The second letters ranged from “A” to “L” in
alphabetical order, and they were used to distinguish workpieces from each other within the
same batch. As a note: the first letter was changed from “O” to “T” after the optimization

phase had ended, the “T” standing for “test” as the workpieces would be used in the

experimental phase for testing and measurements.

In Netfabb, the layout was set so that no workpiece would be behind another from the
direction of the recoating blade. The workpieces were each set to face the recoating blade in a
45° angle to ensure that each workpiece would not present a flat surface to the recoating

blade. This was done to make the movement of the recoating blade as smooth as possible,
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minimizing the risk of an upward bump when the coater blade moved over a workpiece. The

workpiece layout is illustrated in Fig. 12.

Before the placements of the workpieces, it was decided to have the workpieces be placed in

such a manner as to fulfil the following criteria.

The workpieces were to be placed so that they:

e would not be under the laser scanner that was above the left side of the building platform.
e were no closer than 7 mm from each other.

e were so that no workpiece was directly behind another from the blade direction for no

more than at most 1 mm of the blade width.

Figure 17. The placement of the workpieces on the building platform illustrated.
1) Shows the direction and starting point of the recoating blade.

2) Shows the direction from which Argon is supplied.

A-L) Show the allocation of different workpieces on the building platform.
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As Figure 17 the digital models of the workpieces to be manufactured are positioned along a
rough arc near to the right of the building platform, due to the aforementioned criterion of the

workpieces not being under the laser scanner.

The positions for the digital models on the building platform were input to Netfabb as X and
Y coordinates, representing mm on the building platform. The digital models would be

centered on these coordinates.

The coordinate values for the placement of the workpieces on the building platform are given
in Table 12. These values determine the point at which the underside of the digital 3D model
of the sample would be centered. Note that the three decimal values are used due to this being
the input given to Netfabb and as such AconitySTUDIO.

Table 12. The coordinates for the placement of the workpieces on the building platform as well as the

coordinates of the building platform center for reference. The decimal accuracy is set to the given amount for
sake of repeatability, as those values were given to the PBF-LB\M machine.

Position of Workpiece X [mm] Y [mm]
Building platform center 125 125
Workpiece A 125 215.875
Workpiece B 150 200.875
Workpiece C 175 184.875
Workpiece D 205 169.375
Workpiece E 195 151.875
Workpiece F 212.5 134.375
Workpiece G 195 116.875
Workpiece H 212.5 99.375
Workpiece I 195 81.875
Workpiece J 175 66.375
Workpiece K 150 50.375
Workpiece L 125 35.375

Table 12 gives the coordinates for the workpiece placements, which follow the arch-like
pattern as noted in Figure 17. The origo in Figure 17 is in the coordinates of the building

platform center given in Table 12.

Once the Netfabb file was ready, the file was used to control the Aconity MIDI+ machine
itself using AconitySTUDIO.
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8.1 Optimization workpieces

The optimization workpieces were manufactured with the dimensions of 10 mm by 10 mm,
with 10 mm tall lower and upper sections. The manufacturing parameters for the lower
portions made of 316L are given in Table 13. These values were decided during conducting

the thesis, and were based on the values suggested by the Aconity MIDI+ operator.

Table 13. The manufacturing parameters for the 316L optimization workpieces. 316L used the same parameters
for every workpiece ID.

Sample ID P[W] v [mm/s] ¢ [um] h [pm] Ev [J/m?]

OA-OL 150 900 30 80 6.94E+10

Similar suggested values for IN718 are given in Table 14.

Table 14. The suggested parameters for the IN718

P[W] v [mm/s] ¢ [um] h [pm] Ev [I/m?]

150 800 30 80 7.81E+10

The values shown in Figure 14 were decided upon during the conduction of this thesis after

consulting advisors concerning the IN718 parameter selection.

To study the bimetallic manufacturability of IN718 on AMed 316L, the parameters used to
manufacture each IN718 portion of the different workpieces were made variable, as seen in

Table 15.

It was decided that, to make testing simpler, the only two parameters to be varied were the
laser power P and the scanning speed v. It was decided that the scanning speed would be
varied by 100 mm/s to each side of the suggested value of 800 mm/s, so the tested speeds
would be 700, 800 and 900 mm/s. Then for laser power, it was decided that the power would
be varied from 150 W with a range from -10 W to +20 W. So, the tested laser powers would
be 140, 150, 160 and 170 W. It was decided that 10 W would be a large enough step to not be
redundant, but also a small enough step to capture finer resolution within the parameter space.

The parameter combination of laser power P and scanning speed v are given in Table 15.
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Table 15. The manufacturing parameters for the IN718 optimization workpieces.

Sample ID P[W] v [mm/s] t [um] h [um] EV [J/m3]
OA 140 700 30 80 8.33E+10
OB 150 700 30 80 8.93E+10
oC 160 700 30 80 9.52E+10
OD 170 700 30 80 1.01E+11
OE 140 800 30 80 7.29E+10
OF 150 800 30 80 7.81E+10
0oG 160 800 30 80 8.33E+10
OH 170 800 30 80 8.85E+10
o)1 140 900 30 80 6.48E+10
OJ 150 900 30 80 6.94E+10
OK 160 900 30 80 7.41E+10
OL 170 900 30 80 7.87E+10

After the workpieces were manufactured, they were removed from the building platform, and

they then were ground and polished.
After grinding and polishing the workpieces were micrographed with a microscope.

From these microscopy images the workpieces were graded based on the quality of the IN718.
Main focus was on determining which workpiece — and as such, which parameters — had
the best interface and the least porosity of the IN718 present. The selection was performed
with a process of elimination. Eliminations were done with two rounds, first was an
elimination of nine of all the twelve workpieces. After the first round the three selected
workpieces would undergo further polishing, after which these three workpieces would also
undergo a selection via elimination. This way it was determined which parameters out of the
options available were the best for IN718. This method was chosen due to the time constraints

of the project.

The parameters that would be selected would be used in the manufacture of the IN718 for the

test workpieces.
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The microscope images were graded with a quality rating with grades from 1 to 5, where
1 is unacceptable, 2 is impermissible, 3 is permissible, 4 is acceptable and 5 is pristine.

The main grading criteria were:

e alack of porosity in IN718

e smoothness of texture of IN718

e the quality of interface between 316L and IN718

The polishing of the workpieces was done on the first round with a procedure of grinding with
diamond sheets with the grits of 200, 600 and 1200, then with diamond fluid of 9 um and 3

um.

Each step was performed for a minimum of 2 minutes, however during the execution of this
preparation phase, the exact times varied as it was done until it resulted in an even surface.

This meant that sometimes a setting was used for quite a lot longer than 2 minutes.

The polishing of the workpieces was done on the second round with a procedure of grinding

with SiC paper with the grit of 4000 then with diamond fluid of 1 pm.
8.2 Test workpieces

The parameters used to manufacture the IN718 portion of the test workpieces were decided to

be P=170 W and v =700 m/s.

Note that over the course of manufacturing the test workpieces, it was observed that the 316L
of the first batch of workpieces meant for testing was excessively porous. This porosity was
thought to having been possibly caused by a leak in the argon supply of the PBF-LB\M
machine that was detected after the manufacture of the test workpieces. In addition to this, it
was considered that it could have been due to the use of recycled powder. It was calculated
that the argon leak — which was repaired after being detected — may not have been solely

responsible for the unexpected porosity.

Due to the poor quality of the first batch of workpieces meant for testing, it was decided to
manufacture of a second batch. It was decided that the volumetric energy density for the
building parameters of the 316L in the second batch of workpieces meant for testing would be

increased by approximately 15%. This decision was made after consulting the PBF-LB\M
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machine operator and an advisor, as the increased volumetric energy density would lower the
porosity of the 316L assuming that the porosity originated due to the powder being recycled.
The volumetric energy density increase was achieved by setting the laser power to 160 W and

lowering the scanning speed to 835 mm/s. This is illustrated in Table 16.

Table 16. The main manufacturing parameters for the 316L test workpieces for the first test workpiece batch and
the second. 316L did not use different parameters for different Samples ID.

Sample ID P[W] v [mm/s] ¢ [um] h [pm] Ev[l/m?®]

First batch of workpieces meant for testing

TA-TL 150 900 30 80 6.94E+10

Second batch of workpieces meant for testing

TA-TL 160 835 30 80 7.98E+10

The second batch of test workpieces was made, and the 316L in them had been observed to be
of a lesser porosity compared to the first batch, and as such it was elected that the second
batch of test workpieces would be used in the experiments and measurements. The
workpieces still contained some porosity in them, but in the interest of the schedule, they

were admitted for tests and measurements.

As such, the parameters used to manufacture each 316L-IN718 workpiece that were

used in testing are given in Table 17.

Table 17. The manufacturing parameters of 316L and IN718 for workpieces that were used in testing.

Material P[W] v [mm/s] t [um] h [pm] Ev [J/m?]
316L 160 835 30 80 7.98E+10
IN718 170 700 30 80 1.01E+11

The design of the workpieces was also modified for the workpieces that were to be used in

testing. Figure 18 shows the design.
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a). 10 mm

10 mm

10 mm

ur ¢

9 mm

Figure 18. An illustration of the test workpiece geometries.

a) shows the horizontal view of the workpiece geometry.

b) shows the vertical view of the workpiece geometry.

Figure 18 shows the geometry of the workpiece. In Figure 18 a) one can see the design of the
workpiece geometry from a horizontal point of view, and in Figure 18 b) from the vertical
point of view. The rounding radius is 0.5 mm for the vertical edges. 316L has the height of 15
mm, and is manufactured first to act as a substrate for the IN718 which has the height of 10

mm.

The design was altered for the workpieces that were to be used in testing to allow for a margin
of removal, since the workpieces would be cut from the building platform, and the additional

5 mm enabled the detached workpieces to have at least 10 mm of 316L.

The placements of the tests workpieces on the building platform were similar to the ones
provided in Table 12, however, it is of note that two of the workpieces were made to be
cylindrical, which would have been used in dilatometry tests. These dilatometry tests were set
to be out-of-scope of this thesis due to the fact that the machine meant to be used in the

dilatometry measurements was unfortunately rendered out-of-order.
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The test batch workpiece layout on the building platform is given in Figure 19.

The dilatometry workpieces were cylindrical, with the lower 316L portion being made with a
diameter of 7 mm and the upper IN718 portion with a diameter of 6 mm. This was selected at
the time so to allow the workpieces to be machined to a diameter of 3 mm. They also had
their IN718 portion have the height of 11 mm, which would have allowed for fine machining
of the length of IN718 to be exactly the wanted 10 mm.

Figure 19. The placement of the workpieces on the building platform illustrated.

1) Shows the direction and starting point of the recoating blade.

2) Shows the direction from which Argon is supplied.

A-L) Show the allocation of different workpieces on the building platform.

F-G) Show the placement of the two workpieces meant to be used in the dilatometry tests.
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8.3 Heat treatment

Half of the workpieces were selected to be heat-treated. The workpieces selected for heat

treatment were manufactured in the positions of B, D, F, H, J and L as seen in Table 12.
The heat treatment used for the 316L-IN718 workpieces was as such:

1. Solution annealing for 2 hours at 954 °C

2. Water Quenching

3. Ageing treatment for 8 hours at 718 °C

4. Ageing treatment for 10 hours at 621 °C.

The solution annealing was performed by placing the workpieces in the furnace once it had
reached the target temperature of 954 °C. Then after the target time of two hours had been
reached the workpieces were removed one at a time from the furnace and quenched in water.
The furnace was let to cool and once the furnace had cooled, the next step was begun. The
workpieces were placed in the furnace, then the furnace was heated to the target temperature
of 718 °C. The furnace had an approximate temperature increase of 400 — 450 °C per hour.
Once the furnace had reached the target temperature it was maintained for the aforementioned
8 hours, after which the workpieces were removed and let to cool in the ambient air. Then
once the furnace had cooled to room temperature again, the workpieces were placed in and
the furnace was set to heat to the target temperature of 621 °C and said temperature was
maintained for 10 hours, after which the workpieces were removed and let to cool in the

ambient air.
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9 Experimental procedure (part B: the tests for the 316L-IN718

workpieces)

This chapter details how the experiments were carried out in the laboratory with the

aforementioned equipment.

This chapter will utilize the following Equation 3 and Equation 4 for determining standard

deviation and confidence interval respectively:

o= B 3)

% — Clgsy, ~ & + 1.96 % (4)

where o is the population standard deviation, x is the sample value, ¥ is the sample population

Cl=x +2z

mean, X is the sample population size, CI is the confidence interval, Close, is the 95%

confidence interval, z is the confidence level value (which is assumed to be 1.96).

9.1 Porosity and microstructure

The porosity of the workpieces was determined by using the microscope to take micrographs
of the workpieces “TE” (as-built) and “TH” (heat-treated). The microscope was set to use the
lens of ten times magnification. Note that the camera with which these micrographs were

taken had a lens of 0.5 magnification.

The workpieces were set to epoxy, after which they were polished using the polishing
machine. The polishing protocol used was SiC papers with grits of: 120, 220, 500, 800, 1200,
2000, 4000 and then 3 um diamond fluid.

The force applied was 15 N per workpiece, and the rotation speed of the workpiece holder and
the polishing surface were varied. Polishing times for each phase were a minimum of 2

minutes, with additional time spent on a given phase until an event surface was achieved.

The workpieces were then etched using a 10% by weight solution of Oxalic Acid (H2C204 or
(COOH),) for 3 minutes.

The workpieces were then micrographed with the microscope. Fifteen micrographs were
taken with the aforementioned magnification from both workpieces: five of the bulk 316L,

five of the bulk IN718 and five so that the interface lay in the middle of the micrograph.
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These micrographs were analysed using a Python program. The program utilizes an image
threshold technique to determine the pixels of the image to be either “dark” or “light”. The
purpose of this is to count how many pixels out of the sum total of the picture are from pores.
By setting the threshold value properly one can have both the pixels corresponding to pores

and the non-pore corresponding pixels counted.

Porosity is defined by Equation 5. [56]

o
Va

= (5

Where ¢ is porosity, V}; is the pore volume and V5 is the apparent volume.

However, due to the method employed in this thesis, porosity is determined with Equation 6.

_Dp
Q= (6)

Where ¢ is porosity, pp is the number of pore-representing pixels and p, is the total amount of

pixels.

The threshold value selected for the Python program was “0.50”. This selection was done due
to it capturing the detail of the porosity whilst not capturing surface marks and remnants from

grinding and polishing.

Equation 7 is used to determine the comparative level of porosity near the interface as

opposed to the bulk materials.

_ P316LTPIN718
PaBm = PBM — 5 (7)

where papwm is the difference between the porosity measured from the bimetallic interface and
the mean average of the porosities measured from the bulk 316L and bulk IN718, ggwm is the
porosity measured from the bimetallic interface, @316 is the porosity measured from the bulk

316L and ¢in718 is the porosity measured from the bulk IN718.
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9.2 Geometrical accuracy

The workpieces “TA” (as-built) and “TB” (heat-treated) were selected to be the ones used in
determining the geometrical accuracy of the bimetallic workpieces. The goal was to determine
how closely the features of the bimetallic workpieces matched the ones dictated by the CAD
file. Both workpieces were measured so that the front of the workpiece would face upwards,
after which the workpiece would be scanned with the Alicona 3D surface analysis
microscope. The microscope would form a point cloud of the workpiece’s front, which then

could be analysed for surface measurement, as seen in Figure 20.

Figure 20. A screen print of the graphical user interface with which Alicona was operated.

In Figure 20 a line is drawn over of the diamond symbol by the machine operator to measure
both the side-to-side width of the workpiece, the radii of the vertical edges as well as the
offset of the diamond marking itself. The IN718 portion of the as-built workpiece is measured

in the screen print.

With this method, the workpieces were measured for different geometric features from the

point cloud. The workpieces were measured with seven lines, as seen in Figure 21.
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Figure 21. An illustration of the measurement lines over the point cloud.

Al) The vertical line over the IN718 diamond-shaped protrusion.

A2) The horizontal line over the IN718 diamond-shaped protrusion and from side-to-side.
B1-B3) Vertical lines over the interface.

C1) The vertical line over the 316L letter marking protrusion.

C2) The horizontal line over the 316L letter marking protrusions and from side-to-side.

Figure 21 illustrates the measurements that were to be done to determine the geometrical
accuracy. A2 and C2 determined the geometric accuracy of the width and the rounding radii.

Al, A2, C1 and C2 determined the geometric accuracy of the protrusions. B1, B2 and B3

determined offset between the different material portions.

The measurements as illustrated by Figure 20 and Figure 21 were then compared to the ideal

measurements of the workpiece as illustrated by Figure 22.
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As-built
0.500
10.000 .
0.000
0.500
10.000 -
Heat-treated
0.500
10.000 .
0.000
0.500
10.000 -

Figure 22. The ideal measurements of the workpieces based on the digital model dimensions given in
millimeters.

As can be seen from Figure 22, the measurements for both 316L and IN718 would be:
e aside-to-side width of 10.000 mm.

e arounding radius of 0.500 mm.

e adepth of the marking protrusion of 0.300 mm.

e an offset between the materials of 0.000 mm.

These measurements were compared with the values measured from the workpieces via the

3D surface analysis microscope to determine the geometrical accuracy.
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9.3 Hardness measurements

The hardness measurements were conducted using a heat-treated workpiece and an as-built

workpiece. The workpieces used were “TK” (as-built) and “TL” (heat-treated).

The workpieces were prepared by placing them into epoxy so that after grinding and polishing
both materials would be exposed and polished. The workpieces were ground and polished
using the grits of 120, 220, 500, 800, 1200, 2000 and 4000. Then the workpieces were placed
on the hardness tester. The tests were conducted with Vickers hardness test: HV10 using the

10 times magnification lens of the hardness tester.

The protocol for the measurements was elected to be done with single point measurements
which were repeated and the placement determined on a case-by-case basis for each
measurement. This approach was chosen to avoid notable pores in the material, and to be sure

that all measurements meant to measure the interface were actually centered on the interface.

The measurements for each bulk material, 316L or IN718, were taken from 5 different
arbitrary points from each material to avoid pores. The bulk material measurements were
taken from points outside the vicinity of the interface or the edges of the workpiece, so that
the measurements would be taken from fully homogenous 316L or IN718. The Interface was
measured from 10 different arbitrary points, so that pores were avoided. The indentation
points that measured the interface were placed so that the middle of the indent was on the
interface line. The measurements were done for both an as-built and a heat-treated sample.
The measurements were performed so that no indentation or measurement would influence

another by being taken from positions that were far enough away from each other.

The interface was identified in-situ during each measurement. Figure 23 showcases the use of

the microscope to detect the interface.
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a) b)

Figure 23. Different micrographs taken from the interface, using different settings for focus, contrast, light and
exposure.

a) The blurry, out-of-focus image shows the general trend of the interface.

b) The sharp, in-focus and high contrast image shows the clear difference between the two materials.

¢) The sharp, in-focus and low contrast image shows the interface with high detail.

As can be seen in Figure 23, the interface of the two metals can be observed with different
settings on the microscope and camera. A combination of adjusting these settings was
employed in the measurement procedure to detect the interface. Once a location for

measurement on the workpiece surface was selected, the measurement would be commenced.

A measurement report is seen in Figure 24.

ID 12 '
Hardness 229 HV10 4
d1 0.2863 mm
d2 0.2826 mm
position X: 0.00 mm

y: 0.00 mm
Conversions ~
Time 8:.01:44 PM \

Figure 24. A snapshot of the automatically generated report for measurement 12 of the heat-treated “TL”
workpiece. Measurement 12 was made at the interface.

As can be seen in Figure 24, after the indentation was done it would be measured. The
software would calculate the corresponding HV10 value from the measurement. It is of note
that the interface is only scantly visible in Figure 24, this is due to the fact that the microscopy

values were adjusted to create clear contrast between the indentation and the surface.
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Hardness is defined by Equation 8. [57]

H="7 ®)

Where H is hardness, M is the load applied and 4 is the area of the impression.

The hardness test utilized in this thesis is the Vickers hardness test. The test is performed with
a square pyramid with a 136° angle between opposing faces. The Vickers hardness is defined
by dividing the load M by the area of the impression, which can be calculated by knowing the

square pyramid and the corners of the impression. [58]

As such, the calculation for the Vickers hardness used is given in Equation 9.

M

2sin68°
Where HV is Vickers hardness, M is the load applied and d is the first diagonal of the

impression and d> is the second.
9.4 Corrosion tests

The corrosion tests were performed using a potentiostat. A potentiostat is a device that applies

a potential to electrodes and measures the current that flows through an anolyte solution. [59]

A potentiostat may be used to determine the corrosion rate of a given material via determining

the electric current which corresponds to the corrosion reaction occurring.

Corrosion rate in this thesis is given in mm/a, or the amount of thickness in millimetres which

the corrosion penetrates in a year.

The corrosion tests were performed with 6 corrosion samples made from the test workpieces
“TC” (as-built) and “TD” (heat-treated). The corrosion samples were 10 mm by 10 mm by 5
mm by dimensions. The corrosion samples were made of bulk IN718 and 316L as well as the

bimetallic combination of both. The workpiece cuts are illustrated in Figure 25.
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Figure 25. The cuts performed on the 316L-IN718 workpieces.

a) Excess 316L is cut so that 10 mm remains.

b) The bulk portions are cut so that both result in a 5 mm tall 10 mm wide square cuboid.
c¢) The remaining 10 mm bimetal cube is cut into similar, bimetal, square cuboids.

d) The resulting three square cuboid corrosion test samples needed for the experiments.

These corrosion samples were cut from the test workpieces, then they were tin-soldered to

copper wires, then epoxied, as seen in Figure 26.

a) b) c)

N W

d)

Figure 26. The preparation of the corrosion samples.
a-c) Copper wire is connected to a corrosion sample via tin soldering.
d) The corrosion sample is set in epoxy resin so that only the bottom face is not covered.

These epoxied samples were ground and polished with the grits of 120, 220, 500, 800, and

1200. The resulting corrosion samples were such that they had one exposed surface each with



53

the approximate area of 100 mm? which was either one material in the bulk IN718 and 316L

samples or one 100 mm? surface where 50 mm? was IN718 and 50 mm? was 316L.

So, all in all, three as-built and three heat-treated corrosion samples, two 316L samples,

two IN718 samples and two bimetallic samples, six different sample types in total.

The corrosion behavior was measured using the corrosion samples as the working electrode, a
Ag/AgCl electrode as the reference electrode and a graphite electrode as the auxiliary
electrode, all submerged in a NaCl solution during the tests. The solution was 3.5% NaCl by
weight. This set-up is illustrated in Figure 27.

Reference  Auxiliary

Work AN /
AN

\___\ J

\ -
Solution

Figure 27. The illustration of the experimental set-up. Where the corrosion sample is the working electrode, the
Ag/AgCl electrode is the reference electrode and the graphite electrode works as the auxiliary electrode, all
submerged in the 3.5% by weight NaCl solution.

The experiments were conducted for each sample by first performing a 3600 second long
“Eoc Monitor” measurement using the Ivium software, followed by “Tafel Plot” with the
settings of “E Step” of 1 mV, “Scan Rate” of 5 mV/s. The range of measurements was
decided to be -0.3 V downwards and +0.5 V upwards from the nearest 0.1 V of where the

“Eoc Monitor” graph ended after 3600 seconds.
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These settings naturally resulted in the “Tafel Plot” scan time being 160 seconds. After

measurement, a corrosion rate analysis was performed for each “Tafel Plot”.

Three analyses were performed by the potentiostat software for the corrosion rate: Slope,
Tafel and Model. Out of these analyses, it was determined which outcome, if any, out of the
results was the outlier. In cases where outliers were detected they would be discounted and
assumed to be erroneous due to the analysis software’s difficulty to fit a given analysis
function to each measurement graph. This procedure resulted in the Model analysis being the
one selected as the most trusted option in each measurement, with either both or one of the

Slope or Tafel analyses congruing with it in each measurement as illustrated in Figure 28.

&) Corrosion Analysis O X

Defined canstants Linear I Log | ivsE Ewsi | Copy Graph | Rescale
Suiface area em’2

Equrvalent weight 202 g
Density I 82 glem™3

Corrosion rate analysis

Copy walues from Data Options | -
T afel slopes for Pol Res. analysis
Arodic dopeBa [ 01 Videc -5
CathodicslopeBe [ D1 Widec
Pol. Res. |rafe| data IModeI datal 6_|
E. cor V 02725 0219
icor. A 46RIE-07 4.399E-08 4.587E-07 @
Lcor. Alom~2 | 4571E-07 4313608 4497E-07 -.a:: T
et
Rp Ohm 1072605 1462E05 1053E05 5
ba V/dec 0023 0334 % 3
be Videc o7 o §

. Rate mm/y 0.003634 00003476 0.003625

[ Automatic analysis

T T T T T T T T
Slope Analysis | Set 2 markers : Eal and Ec2 -0.4 0.2 0.0 0.2
Tafel Analysis | Set 4 markers: Eal Ea2 Ecl Ec2
Model Analysiz*| Set 2 markers : Eal and Ec2 Polential Range Markers

[ mirimize: logarithmic errors Eal [058 v Ea2 v Ecl Vo Ec2[028 W Clear |
Clear Results | Copy Results Expoit to Cview format | Cloze

Numerical Analysis with corrosion model completed

Potential v

Figure 28. A screen print of the corrosion analysis graphical user interface, showing the corrosion rate analysis
of the heat-treated IN718 corrosion sample. Note the corrosion rate measurement, outlined in red. As it can be
seen, the “Tafel data” corrosion rate is an outlier in the order of magnitude to the “Pol. Res.” and “Model data”
corrosion rates. This most likely is caused by “Tafel Analysis” having been unable to fit properly to the
measurement data.

As can be seen from Figure 28, the corrosion behavior analysis required three quantities: the
surface area, the equivalent weight (or equivalent mass) and the density. The densities are

provided in Table 4 and Table 6. The densities were assumed to be the same for as-built and
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heat-treated. The densities of the bimetallic corrosion samples were estimated by using

Equation 10.

. P316L*PIN718 (10)

PBM >

where p3i61 1s the density of 316L, pin71s is the density of IN718 and pgwm is the density of the
bimetallic combination of 316L and IN718, as the equation assumes that the average density

of the bimetallic material is the mean average of the two alloys.

The surface areas were measured using a millimetre calliper by having the jaws be flush along

the square cross-section of the polished corrosion samples.

The area of the samples was estimated to be larger than which were directly measured with

the callipers, in the case that:

e The samples had set into a non-normal angle in the epoxy.

e The samples had been polished so that the cross-section was non-normal.

e The samples had been polished so that the exposed surface was slightly curved.

The different influences that were taken into account during area estimation are illustrated in

Figure 29.

A B C D

Figure 29. Illustration of the correct (A) and exaggerated sources of increased area (B-D).

A) The sample is set properly in epoxy, and the polishing angle is correct.

B) The sample is set properly in epoxy, but the polishing angle is off.

C) The sample angle is off in the epoxy, but the polishing angle is correct.

D) The sample is polished with two different polishing angles so that the last polishing angle is not full.

In Figure 29, (A) represents the ideal polish, while (B-D) have increased area due to deviation

from the ideal angle.

These estimations were done ad hoc during the course of the laboratory experiments.
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Lastly, the equivalent weight was determined by a process of determining:

e The average amount of each element present in 316L or IN718.

e The molar mass for each element [60] in alloy at or above 1% prevalence.
e The weighted-by-element-prevalence mean molar mass of the alloy.

e The approximate free valence electron count of the alloys. Based on the most prevalent

elements count.

To determine the amount of Fe present in 3161, the minimum and maximum amounts of the
other elements in alloy were summed and then from the sum of the minima was subtracted
from 100 %, determining the maximum Fe prevalence. Likewise, the minimum prevalence

was determined by subtracting the sum of the maxima from 100 %.

The prevalence of Ni present in IN718 was determined using the same procedure as for the Fe

in 316L.

The weighted-by-element-prevalence mean molar mass was estimated using Equation 11.

A n

My alloy ™ Ze=1 ma,ipi (11)
Where .10y 1S the average molar mass of the alloy, 7 is the number of elements at or above
1% prevalence in the alloy, e is the index of the element in alloy, ma. is the molar mass of an

element in alloy and P, is the prevalence of the element in alloy.

The equivalent weight for each alloy was estimated using Equation 12.

ma,alloy
ME,alloy ~ S (12)

Where Mk aioy 1s the equivalent weight of the alloy, 7.0y 1s the average molar mass of the

alloy, nrve is the number of free valence electrons for the alloy.

The nrve for each alloy was determined by post hoc justification: the count was elected to be 2
for 316L and 3 for IN718. This is within the boundaries of the free valence electrons in Fe
(316L) and Ni (IN718). This selection resulted in equivalent weights similar to those that
were determined and utilized in laboratory experiments performed for two other theses which

were a part of the same project as this thesis.
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As such this post hoc justification is deemed reasonable given that it keeps the equivalent
weight — and thus the method of experiment for the corrosion analysis performed with the

measurement software — comparable between all three theses in the project.
9.4.1 The Butler-Volmer equation

The corrosion rate analysis utilized in this thesis is represented in theory by the Butler-Volmer

equation, which is given in Equation 13. [61], [62]

—acZeF

agzeF
i — io[e< RT (E_EEQ)) _ e( RT (E_Eeq))] (13)

Where i is the current density, io is the exchange current density, a. transfer coefficient for
anodic reactions, ze is the number of electrons involved in the electrode reaction, F is the
Faraday constant, R is gas constant, 7 is the temperature, E is the potential, Eq is the

equilibrium potential, and a. is the transfer coefficient for cathodic reactions.

Sometimes the Butler-Volmer equation is used with the assumption in Equation 14. [63]

a, + a.=1 (14)
This is based on a specific interpretation of electron transfer, which does not apply for

systems with non-elementary reactions. [64], [65]

In the case of this thesis, the constraint described by Equation 14 does not seem to hold. This
could be speculated to be due to the rather complex nature of alloy corrosion, and especially
the corrosion behavior of a bimetallic combination of alloys, but this topic would need further

study.

Due to the format of the raw corrosion data collected by Ivium Vertex, to which the Butler-
Volmer equation would be fitted, the equation was modified to use current instead of current

density, as seen in Equation 15.

aazeF . —aczeF
| = Io[e( 7 (E Eeq)) — eCrr (E—Eeq))] (15)

Where / is the current, /o is the exchange current, a. transfer coefficient for anodic reactions,
ze 1s the number of electrons involved in the electrode reaction, F is the Faraday constant, R is
gas constant, 7' is the temperature, E is the potential, Eeq 1s the equilibrium potential, and ac is

the transfer coefficient for cathodic reactions.
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Equation 15 was fitted to the corrosion data acquired from the corrosion analysis manually.
Manual selection of parameters was chosen due to what seemed to be secondary corrosion

events occurring during the corrosion analysis measurement, as such, a fit function such as
least squares could lead to improper results for the values of aa, ac and Eeq. An example of a

manual fit is seen in Figure 30.

-0.6 -04 -0.2 0.0 0.2 0.4
1.0E-02

1.0E-03
1.0E-04
1.0E-05 e
1.0E-06 e

1.0E-07

1.0E-08

I[mA]

1.0E-09

Corrosion data = === Butler-Volmer fit

Figure 30. A graph showing a manual Butler-Volmer fit to the corrosion data. Fit done to the corrosion data of
the heat-treated IN718 sample.

Figure 30 shows the corrosion data of the heat-treated IN718 sample. As can be seen, there
seems to be a climb akin to another reaction occurring after -0.2 V, which could make a least
squares method fit improper. However, it is noted that a least squares method fit could be
successful, if the range of datapoints to which the fit would be made were limited, but it

would then make the selection of the datapoint ranges the determining factor in fit suitability.

A Butler-Volmer fit was performed for data from each corrosion measurement. Each fit had
the value of 7= 298 K. The value of ze was set to 3 for IN718 data and 2 for 316L and
interface data, to represent the most prevalent elements in each sample: Ni, Fe and Fe,
respectively. This was chosen to remain consistent with the aforementioned method by which

equivalent weight was determined.
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lo, 0, Ecq, and o were set as the parameters for the fit. / was set to be a function of E. Note
that to produce the graph in Figure 30, a base 10 logarithmic scale was set for the vertical-axis

and the values of / were set as absolute values.
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10 Results and discussion (part A: PBF-LB\M of the 316L-IN718

workpieces)

This chapter details the results from the manufacture of the workpieces meant for

optimization and testing.
10.1 Optimization workpieces

The first round of elimination resulted in workpieces with the parameters of v = 700 mm/s and
P =140, 150 and 170 W being selected for the second round. These parameters were used in
the manufacture workpieces “OA”, “OB” and “OD” respectively. The micrographs of these

workpieces can be seen in Figure 31.

1.5 mm 1.5 mm Y, 1.5 mm

Figure 31. Micrographs of the workpieces.

A-B) Micrographs taken so that the interface is in the middle of the image, with 316L below and IN718 above.
A) Micrographs after the first round of polishing.

B) Micrographs after the second round of polishing.

C) Micrographs of IN718 bulk after second round of polishing

1) Micrographs of workpiece manufactured with v =700 mm/s and P = 140 W

2) Micrographs of workpiece manufactured with v =700 mm/s and P = 150 W

3) Micrographs of workpiece manufactured with v =700 mm/s and P =170 W
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The parameters which produced “OD” (v = 700 mm/s, P = 170 W) were ultimately selected as
the best out of all candidates.

Of note in Figure 31 (A1-B3) is the contrast in quality of the 316L. This was an unexpected
outcome, as continued polishing lead to sudden increase in detected porosity. The reason for
this is hard to estimate, but it could be that some of the discs used to polish the workpieces
were contaminated with large particles, which then scraped out material, leaving the pores
that can be seen in Figure 31 b). However, the pores resemble lack-of-fusion pores, and as
such the curious result could be the product of both the lack-of-fusion defect as well as

contamination of the discs.

The grading of the workpieces on the first round is given in Table 18 below, evaluated on a

scale of 1 to 5.

Table 18. The grading for the different workpieces after the first round of polishing. The manufacturing
parameters are shown under “Workpiece” and the “Grade given to a micrograph” columns show the grade given.

First Round of Polishing

Grade given to a micrograph
Workpiece Ist Image 2nd Image 3rd Image 4th Image Average
v =700 mm/s 3 3 4 4 3.5
P=140 W
v =700 mm/s 3 3 5 3 3.5
P=150 W
v =700 mm/s 3 3 3 3 3
P=160 W
v =700 mm/s 2 4 3 4 3.25
P=170 W
v = 800 mm/s 2 2 2 2 2
P=140W
v = 800 mm/s 2 2 2 2 2
P=150 W
v = 800 mm/s 3 2 3 3 2.75
P=160 W
v = 800 mm/s 2 3 3 2 2.5
P=170 W
v =900 mm/s 2 1 1 1 1.25
P=140 W
v =900 mm/s 2 2 2 2 2
P=150W
v =900 mm/s 2 2 2 2 2
P=160 W
v =900 mm/s 2 1 1 2 1.5
P=170W
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The grading of the workpieces on the second round is given and Table 19.

Table 19. The grading for the different workpieces after the second round of polishing. The manufacturing
parameters are shown under “Workpiece” and the “Grade given to a micrograph” columns show the grade given.

Second Round of Polishing

Grade given to a micrograph
Workpiece Ist Image 2nd Image 3rd Image 4th Image 5th Image Average
v =700 mm/s |3 3 4 3 3 32
P=140 W
v=700 mm/s | 4 4 4 3 3 3.6
P=150 W
v=700mm/s |5 4 3 3 5 4.0
P=170 W

Due to this selection process, the building parameters of IN718 with workpiece “OD”
(P=170 W, v = 700 mm/s) were selected as the ones to be used in the fabrication of the test
workpieces. All tests performed during the experimental phase utilized workpieces

manufactured with the parameters of (v = 700 mm/s, P =170 W).

The results show that the increased volumetric energy density of parameters v = 700 mm/s,
P =170 W led to the best quality of IN718. It could be that the lesser volumetric energy
densities caused lack-of-fusion defects due to too little energy input to the system, but this
needs further study. The interface was not seen to contain notable defects in the scale of

microscopy used.
10.2 Test workpieces and heat treatment

This chapter details the results of the first and the second batch of test workpiece

manufacture.

After the first batch of test workpieces was made, it was discovered that the 316L in the

workpieces had unexpected high porosity. An example of this can be seen in Figure 32.
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0.1 mm

Figure 32. A micrograph from a heat-treated workpiece of the first test workpiece batch. 316L is below and
IN718 is above. One can see the interface as a faint light outline between the two materials, inside the purple
dotted line in the area highlighted by the red square. Note the high porosity of the 316L.

Due to the unexpected porosity seen in Figure 32, it was decided that a second batch of

workpieces had to be made, to ensure reasonable results. And as described previously, the

volumetric energy density was increased for the 316L portion.

The second batch was manufactured, and the porosity had been reduced to acceptable levels,

as can be seen in Figure 35 a).

Figure 33 shows the workpieces after they were removed from the building platform and after

the heat treatment plan was executed for half of them.

Figure 33. A photograph of all twelve workpieces from the second test batch. The workpieces are set from
designation “TA” to “TL”, in alphabetical order, from left to right. Every other workpiece is heat-treated, and
has undergone notable oxidization on the surface during the heat treatment. The two middle parts were the
workpieces meant for dilatometry tests, which fell out of the scope of this thesis.

The experimental phase was begun once it was confirmed that the workpieces are of high

enough quality to be used in the tests.
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11 Results and discussion (part B: the tests for the 316L.-IN718 workpieces)

This chapter details the results from the experiments.

All measurements were done with workpieces manufactured with parameters as shown in
Table 17. The designation of the letters “A-L” refers to the position of the workpieces on the
building platform as described in Table 12.

11.1 Porosity and microstructure

Table 20 and Table 21 give the porosity calculated via the Python program, following the
logic of Equation 6.

@ of the first micrograph of as-built IN718, where p, = 22250 and p. = 6282656, is determined

using Equation 6:

Py 22250

= =0.003541496 ~ 0.359
pa 6282656 &

Of note in is the fact that there seemed to be an outlier among the 316L results (¢ = 2.61%).
With the outlier, the average ¢ would have been 1.32 %, the 6 would have been £+ 0.66 % and

the 95% confidence interval would have been 1.32 £ 1.28 %.

Removing the outlier resulted in the following: the average ¢ was 1.00 %, the c was = 0.12

% and the 95% confidence interval was 1.00 + 0.22 %.

As can be seen, removing the outlier significantly lowers the standard deviation of the
measurements, and makes the range of the 95% confidence interval less than one fifth of the

previous. Therefore, the outlier result was discarded.
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Table 20 shows the results after the removal of the outlier is performed.

Table 20. The measurements from the as-built workpiece “TE” without the outlier 316L measurement.

Porosity

IN718 316L Interface
0.35% 1.19 % 0.46 %

0.19 % 0.91 % 0.73 %

0.43 % 0.94 % 0.46 %

0.29 % 0.95% 0.47 %

0.19 % 0.35%
AVG: 0.29 % AVG: 1.00 % AVG: 0.49 %
c:+0.10% 0:£0.12% 0:0.13 %
95% confidence interval:

IN718: 316L: Interface:
0.29+£0.19 % 1.00£0.22 % 0.49+0.25 %

The porosity results for the heat-treated workpiece TH are provided in Table 21 below.

Table 21. The measurements from the heat-treated workpiece TH.

Porosity

IN718 316L Interface

0.25 % 1.78 % 0.87 %

0.29 % 1.92 % 0.79 %

0.37 % 1.78 % 0.98 %

0.31 % 1.87 % 1.27 %

0.42 % 1.52 % 0.64 %

AVG: 0.33 % AVG: 1.77 % AVG: 091 %
c:+0.06 % 6:£0.14 % 6:+0.22%
95% confidence interval:

IN718: 316L: Interface:
0.33+0.12% 1.77£0.27 % 0.91+0.42 %
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Figure 34 shows the results of Table 20 and Table 21.
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Figure 34. The 95% Confidence intervals for the levels of porosity of each type of measurement from Table 20
and Table 21 represented.

As Figure 34 shows, the least porosity was encountered in IN718. 316L had notable porosity,
near 1% for as-built and almost 1.8% for heat-treated. The as-built porosity could be caused
by the circumstance that the workpieces were manufactured using recycled 316L powder, as
the use of recycled powder is attributed to increases in porosity via changes to particle size
and morphology as well as the chemical composition of the powder. [66] And as the heat
treatment plan was meant for IN718, the porosity of 316L could have risen due to thermal

stresses expanding pores.

Porosity can result from either systematic or stochastic flaws in PBF-LB. According to Snow
et al., systematic flaws are defined as flaws that occur due to part geometry, hatching strategy
or process parameters, and are as such related to the build plan. Systematic flaws are more
localized to specific portions or areas of the built workpiece compared to stochastic flaws and
their locations are more predictable. For example: lack-of-fusion flaws can be systematic -
(hatching strategy) or stochastic (particle packing or spatter). Stochastic flaws are defined as
flaws that are probabilistic in nature and as such the location of stochastic flaws in a finished
workpiece is harder to predict. Examples of stochastic flaws are gas porosity, keyholing,

random power fluctuations and spatter induced flaws. [67]
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The porosity studied in this thesis is presumed to be caused by stochastic flaws, as systematic
flaws related to the hatch and contour as well as the end of scan tracks are avoided due to the

polishing process removing enough material from the surface.

Figure 34 shows that heat treatment increased porosity for each workpiece. It is also worthy

of note that the interface porosity increased notably in the heat treatment.

The interface measurements loosely correspond to the mean average of the two bulk material
measurements, both for as-built and heat-treated. As such the increase of the porosity
measured from the interface after heat treatment could mostly be attributed to the increase in
the porosity of 316L after heat treatment. However, it is important to note that the porosity
measured from the interface was less than the mean average of the 316L. and IN718
porosities for both as-built and heat-treated workpieces. This is determined for both as-built
and heat-treated porosity measurements by using Equation 7. The values used for gam, @361,

and @718 being the calculated averages as shown in Table 20 and Table 21.

As-built:
+ 1.00% + 0.29%
Oamm = Py — P316L 2<P1N718 — 0.49% — 0 2 o _ _0.155%
Heat-treated:
+ 1.77% + 0.33%
Oamm = Prn — P316L 2(pIN718 — 0.91% — 0 i o _ —0.14%

The pasm being -0.155% for as-built and -0.14% for heat-treated. This result could imply that
the interface contains less porosity than the bulk materials, as otherwise the mean average of
the 316L and IN718 porosities would be the same as or similar to the porosity at the interface.
The porosity of the interface being lower than the mean average of the bulk porosities
suggests that the metallurgical bonding between 316L and IN718 is sound, as low porosity of
the interface is noted as indicating good metallurgical bonding. [37] However, this matter

would require further study.

As comparison, Mohd Yusuf et al. reported an overall porosity content of 0.81% for
bimetallic 316L-IN718, with a 0.27% porosity content for the interfacial region. Mohd Yusuf
et al. manufactured both the 316L and IN718 portions with a laser power of 300 W,
a scanning speed of 900 mm/s, a layer thickness of 30 um and a hatch spacing of 80 pm. [37]
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Figure 35 shows a micrograph of the as-built workpiece at the interface for the purposes of

visual analysis of the microstructure.
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Figure 35. a) A micrograph of the as-built workpiece “TE”, taken with a lens using 20 times magnification with
a camera lens using 0.5 times magnification. IN718 is above, 316L is below.

b) The area highlighted with the red square in a).

c¢) The area in b) with adjusted contrast, where the transition from one material to another is highlighted

As can be seen from Figure 35, the transition zone from one material to the other contains
porosity. However, the porosity in the transition zone seems to be present in a level of similar

magnitude as in bulk materials. As such the interface seems to have an acceptable integrity.

However, the porosity highlighted in Figure 35 c) could be melt pool porosity at the interface.
The porosity seemingly being in the first layer of IN718 being manufactured on top of the

316L substrate. A similar phenomenon can be seen in Figure 36 and Figure 37.

Figure 36 shows a micrograph of the heat-treated workpiece at the interface.
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Figure 36. a) A micrograph of the heat-treated workpiece “TH”, taken with a lens using 20 times magnification
with a camera lens using 0.5 times magnification. IN718 is above, 316L is below.

b) The area marked with the red square in a).

c) The area in b) with adjusted contrast, the transition zone can be seen readily.

Porosity is seen to occur near the interface and on it in certain portions in Figure 36, but there
are also portions where seemingly no porosity is present. Furthermore, it is of note that the
micrographs of the heat-treated workpieces are clearer in their microstructure. It is speculated
that heat treatment could have made the material more responsive to the etchant. This is

corroborated by the corrosion tests, where every heat-treated workpiece possessed a higher

corrosion rate compared to their as-built counterpart. However, this would need further study.

In Figure 36 c), the flow of IN718 and 316L can be seen with a small curved line of 316L
fraying from the bulk into the IN718. Figure 36 c) is further analysed in Figure 37.
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Figure 37. Analysis of the micrograph seen in Figure 36 c). The interface is in the center, 316L is below and
IN718 is above.

A) The bottom of a scan track with melt pool porosity.

B) A fraying barb of 316L that has departed from the scan track, potentially caused by Marangoni convection.
C-E) The bottom of multiple scan tracks next to each other.

C) The bottom of a scan track with melt pool porosity.

D) IN718 precipitation into the 316L substrate.

F-G) Meltpool porosity of a scan track corresponding to a new layer built on a previous one (C-E).

E) Interface at the edge of a scan track.

H) Interface at the edge of a scan track above E.

Figure 37 shows the material interface. The interface, which is the line over which 316L
begins to have IN718 built on top of it, is seen to be tortuous.

The following is speculative analysis of the micrograph:
e (A) Shows meltpool porosity on an IN718 scan track built over the 316L substrate.

e (B) Shows a thin barb-like mass of 316L that has frayed and separated from the scan

track, potentially caused by Marangoni convection.

e (C-E) Shows the bottom of multiple scan tracks next to each other. (C) Shows that the

scan track has melt pool porosity, yet in (E) there is no melt pool porosity.

e D) Shows meltpool porosity and or cracking on the 316L substrate, causing IN718
precipitation into the 316L substrate.

e F-G) Show meltpool porosity of a scan track corresponding to a layer above (C-E).

e H) Shows the 316L substrate elevation increasing after, continuing the tortuous pattern.
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However, it is important to remember that the list above is speculative and that this topic

would need further study.

Figure 36 c) contains a similar Marangoni convection effect can be seen as in Figure 11 b),

this is shown in Figure 38.

Figure 38. A comparison between Figure 36 ¢) and Figure 11 b), and notes of similar interface phenomena. [35]

As can be seen from Figure 38, the behavior of the 316L steel substrate is similar to that
which was observed with a CrMn stainless steel substrate. [35] Note the barb-like fraying can
be seen in both Figure 11 b) and Figure 36 ¢), as shown in Figure 38.

To reiterate, it is noted that the interface between IN718 and 316L possesses a tortuous wavy
interface pattern. Furthermore the interface region contains patterns of substrate precipitating
to the upper material similar to patterns in literature which are attributed to Marangoni
convection with other steels. [35] It is noted that the interface also has IN718 precipitation in
the 316L substrate potentially due to melt pool cracking, the voids of which the molten IN718
filled. Lastly, as can be seen, the interface between IN718 and 316L occurs over multiple scan
tracks, and as such has a slight graduality before the material becomes full IN718 bulk. This
gradual area seems to be within one to three layers, with the first layer built on the 316L

substrate experiencing most of the gradual shift in material composition.
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11.2 Geometrical accuracy

The measurements for the geometrical accuracy are provided in Table 22. Side-to-side is
measured from the left and right surfaces of the workpiece. Rounding radius is measured from
the beginning of the radius at the side and the end on the top surface. Surface-to-letter
compares the level between the marking and the workpiece surface. IN718-to-316L measures
the offset between the materials on both sides of the interface.

Table 22. The geometrical accuracy measurements for the as-built and heat-treated workpieces. The decimal

accuracy is set to the given amount to allow for the finer measurements to not be subsumed by the side-to-side
measurements.

As-built

[mm] Side-to-side Radius Surface-to-letter IN718-to-316L
IN718 9.870 0.589 0.304

316L 9.904 0.552 0.293

Interface -0.028

Heat-treated

[mm] Side-to-side Radius Surface-to-letter IN718-to-316L
IN718 9.858 0.596 0.309

316L 9.948 0.515 0.295

Interface -0.034

The ideal measurements are given in Table 23, which represent the values that the CAD file

was made with.

The ideal measures are shown in Table 23.

Table 23. The geometrical accuracy measurements for the ideal workpiece.

[mm] Side-to-side Radius Surface-to-letter IN718-to-316L
IN718 10.000 0.500 0.300

316L 10.000 0.500 0.300

Interface 0.000

The deviation from ideal measures are shown in Table 24.
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Table 24. The geometrical accuracy measurements for the as-built and heat-treated workpieces.

As-built deviation

[mm] Side-to-side Radius Surface-to-letter IN718-to-316L
IN718 0.130 0.089 0.004

316L 0.096 0.052 0.007

Interface 0.028
Heat-treated deviation

[mm] Side-to-side Radius Surface-to-letter IN718-to-316L
IN718 0.142 0.096 0.009

316L 0.052 0.015 0.005

Interface 0.034

Figure 39 shows the deviation of the workpiece dimensions from the ideal workpiece

dimensions measured in the geometrical accuracy tests.

As-built

-0.130

-0.096

Heat-treated

-0.142

-0.052

+0.089

+0.052

+0.096

+0.015

l +0.004
. -0.007

l +0.009
-0.034
. -0.005

-0.028

Figure 39. The deviation of the measured workpiece dimensions from the ideal workpiece dimensions given in
millimeters. The negative sign signifies a dimension smaller than the ideal while a positive signifies opposite.

No quantitative error analysis can be performed on these values due to the fact that the values

come from a single measurement.
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For comparison, Veetil et al. studied 316L workpieces manufactured via PBF-LB with a
nominal diameter of 10.0 mm that was increased to a real print diameter of 10.5 mm.

Veetil et al. observed that all samples built had as-built diameters lie in the range of 10.07 mm
to 10.12 mm. [68]

Furthermore, Gradl et al. observed a systematic mean tolerance of 23.8 £ 5.5 pum with a
99.9% confidence interval for features of IN718 and also determined an upper control limit of
+220 um and a lower control limit of -260 um for IN718 manufactured via PBF-LB\M.

Gradl et al. determined their results from IN718 geometric feature build plates manufactured

via PBF-LB. [69]

Comparing the results of this thesis to the observations of Gradl et al., it can be noted that the
measurements are within the determined control limits and the surface-to-letter measurements
are well within the systematic mean tolerance. [69]

It can also be noted that all of the side-to-side measurements are below the ideal measurement
and none over. This possibly being due to a similar shrinkage occurring for the 316L-IN718
workpieces that was reported to have occurred for the 316L workpieces by Veetil et al. [68]

It is difficult to estimate the effect that heat treatment has for the geometrical accuracy. This is
due to the workpieces that were measured being different ones, and not the same one before
and after heat treatment. This decision was made due to the limits of the project schedule.
However, it would also be difficult to attribute any single cause to the geometry changing, as
many factors influence the outcome of the changes to geometrical accuracy due to heat
treatment. It is speculated that the influence of the heat treatment to the pieces would be the
result of differences in thermal characteristics between the materials. From thermal
conductivity to thermal expansion coefficients. These differences could cause thermal stresses
and as such warpage and deformation based on thermal expansion and contraction.

However, this matter would require further study.
11.3 Hardness measurements

The measurements for the as-built workpiece TK is provided in Table 25.

The basis for the calculation which the hardness test software used to determine Vickers

hardness is shown in Equation 9.
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Table 25. The measurements from the as-built workpiece TK.

HV10 [kgf/mm?]

IN718 316L Interface

255 190 203 220
265 198 216 226
280 190 223 231
280 182 215 229
276 190 218 201
AVG: 271.2 AVG: 190.0 AVG: 218.2

6:+9.8 c:+5.1 6:+95

95% confidence interval:

IN718: 316L: Interface:

271£20 190 + 10 218+ 19

The measurements for the heat-treated workpiece TL is provided in Table 26.

Table 26. The measurements from the heat-treated workpiece TL.

HV10 [kgf/mm?]

IN718 316L Interface

438 182 227 218
436 177 229 230
423 180 242 217
422 189 234 226
424 182 250 239
AVG: 428.6 AVG: 182.0 AVG: 2312

6:+6.9 c:£39 6:£+9.8

95% confidence interval:

IN718: 316L: Interface:

429 + 14 182+8 231 +£20

Note from Table 25 and Table 26 how the heat treatment influences the material properties,

with a notable improvement to the hardness of IN718 and a minor detriment to 316L.

Figure 40 shows the results of Table 25 and Table 26.
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Figure 40. The 95% Confidence intervals for the HV10 values of each type of measurement from Table 25 and
Table 26 represented.

As Figure 40 shows, the heat treatment greatly improved the hardness test performance of
IN718. The heat treatment also seems to have caused a detriment to the hardness of the 316L.
Given that the heat treatment was meant for IN718, and as such it was not optimized for the
enhancement of 316L, the result is deemed to not be concerning. The interface became

slightly harder after the heat treatment.

The result of the increased hardness in IN718 could be attributed to the promotion of the
formation of y’ and y” phases during the ageing treatment. [49] The y" and y” phases are
coherent with the austenitic y matrix. [70] The y” phase is a centered tetragonal structure, the
precipitates of which adopt a disc-like structure during ageing. y” is the more influential phase
out of y" and vy”, as it is more prominent out of the two hardening phases and as the hardening

effect of y" is greater. [70]

The main strengthening mechanisms of the precipitates of the y” phase is coherence
deformation. [70] Precipitates of the y” phase acts as an inhibitor to dislocation movement.

[71]
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For context: mechanisms that impede dislocations due to the creation of additional surfaces

are:

e The creation of additional matrix-precipitate interfaces (chemical strengthening).

e Stacking fault formation in the precipitate (stacking fault strengthening).

e Formation of antiphase domain boundaries in the precipitate (order strengthening). [72]

316L manufactured via PBF-LB\M is shown to experience a loss of hardness when
undergoing heat treatment at 700 °C for 3 hours. [73] According to Sudrez Ocaio et al. [73]
the hardness changed from approximately 216 HV1 to approximately 191 HV1. As such, the
observed drop in hardness for 316L in this thesis after the IN718 heat treatment is not

anomalous when compared with the effect reported by Suarez Ocafio et al.

The hardness of the materials studied in this thesis are compared to values found in literature

in Table 27.

Table 27. The hardness values studied in this thesis compared to values found in literature.

Origin: This thesis Naskar et Suérez Ocaiio et al. | Grzelak et al.
al. [74] [73] [75]

Type: HV 10 [kgtf/mm?2] (standard deviation) | HVO0.5 HV1 HVO0.5

Material: IN718: 316L: Interface: IN718 316L 316L

As-built: 271.2+£9.8 | 190.0£5.1 | 218.2+9.5 | 327+6 - 216.44 +3.65

Heat-treated: | 428.6+6.9 | 182.0+3.9 | 231.2+9.8 | 485+ 5" 191 £ 3f -

*Heat treatment: 1093 °C for 2 hours, 980 °C for 1 hour, 720 °C for 8 hours, 620 °C for 8 hours. [74]

THeat treatment: 450 °C for 4 hours, 700 °C for 3 hours. [73]

The values found in literature given in Table 27 can be seen to be reminiscent of the values
measured in this thesis. Naskar et al., Suarez Ocafio et al. and Grzelak et al. all performed

their measurements with material manufactured via PBF-LB\M. [73], [74], [75]

As can be seen from Table 27, the values of IN718 follow a similar increase in hardness
between the results in this thesis and as reported Naskar et al. [74] However, the values

reported by Naskar et al. are approximately 55 HV greater for as-built and heat-treated.
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The heat treatment protocol used by Naskar et al. was:

e Homogenization at 1093 °C for 2 hours

e Air cooling to room temperature

e Solution annealing at 980 °C for 1 hour

e Air cooling to room temperature

e Ageing treatment at 720 °C for 8 hours

e Cooling to 620 °C with a cooling rate of 55 °C/h.

e Continuing ageing treatment at 620 °C for 8 hours. [74]

It was concluded that the heat treatment Naskar et al. [74] was similar enough to the one

employed in this thesis to warrant comparison.

Table 27 shows that the hardness of 316L is approximately 25 HV1 (as-built, [75]) and
10 HV1 (heat-treated, [73]) greater compared to the HV10 values measured in this thesis.

While Grzelak et al. [75] did not report a heat treatment plan, Sudrez Ocaio et al. [73]

reported the following heat treatment plan for 316L manufactured via PBF-LB\M:
e Heated from room temperature to 450 °C at a rate of 10 °C/min

e Keptat 450 °C for 4 hours.

e (Cooled from 450 °C to room temperature at a rate of 10 °C/min

e Heated from room temperature to 700 °C at a rate of 10 °C/min

e Keptat 700 °C for 3 hours.

e Cooled from 700 °C to room temperature at a rate of 10 °C/min

The heat treatment reported by Sudrez Ocano et al. [73] is different to the one used in this
thesis, it was still included in the comparison due to the prolonged time the 316L was kept at
700 °C possible having similar effects in the microstructure of 316L as the heat treatment of

8 hours at 718 °C that was used in this thesis.
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The results of the “Eoc monitor” measurements are given in Appendix 2.

The corrosion rate measurements for the as-built and heat-treated samples are provided in

Table 28.

Table 28. The corrosion rate measurements from the as-built and heat-treated corrosion samples. All results were
acquired using model analysis of the Ivium Vertex software.

Corrosion Rate

As-built [mm/a]

Heat-treated [mm/a]

316L 0.11 0.13
Interface 0.0011 0.0044
IN718 0.0029 0.0036

As can be seen on the Table 28, the results follow a pattern of heat treatment causing an

increase in corrosion rate. This could be due to the fact that the heat treatment caused the

formation of corrosion-prone phases in the materials or because it disrupted the passive film.

The results of Table 28 are seen in Figure 41.

Corrosion rate [mm/a]

1
0.1
0.01
0.001
0.0001
IN718 316L Interface
As-built = Heat-treated

Figure 41. The results of the corrosion rate measurements. Note the logarithmic scale and the gridlines.

In Figure 41, notice the difference in the order of magnitude between the corrosion rates of

316L and the corrosion rates of IN718 and the interface. This could be due to the use of

recycled powder and the noted porosity in the samples giving more surface area for the

corrosion to take place on.
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No quantitative error analysis can be performed on these values due to the fact that the values

come from a single measurement.

Table 29 compares the values for the corrosion rate measured in this thesis with ones reported

by literature.

Table 29. The corrosion rate values studied in this thesis compared to values found in literature.

Corrosion rate [mm/a]

Origin: This thesis Siddaiah et al. Mythreyi et al. Yousif et al.
[76] [77] [78]

Material: IN718: 316L: Interface: | IN718 IN718 316L

As-built: 0.0029 0.11 0.0011 0.082 0.27 +0.06 0.000721

Heat-treated: | 0.0036 0.13 0.0044 - 22.45 £ 0.06* -

*Heat treatment: 1065 °C for 1 hour, 720 °C for 8 hours, 620 °C for 8 hours. [77]

The heat treatment by Mythreyi et al. [77] reported the following heat treatment plan for
IN718 manufactured via PBF-LB\M:

e Solution annealing at 1065 °C for 1 hour

Fan cooling

Double ageing treatment at 720 °C and 620 °C for 8 hours each.

Air cooling

Shot peening

Yousif et al. noted that: “...the results in this work clearly show the relationship between
porosity and corrosion rate.” [ 78] As such, the high corrosion rate measured for 316L in this

thesis being possibly connected to the notable porosity observed is mirrored in the literature.

Pores increase corrosion rate due to them acting as catalytic sites in which pitting corrosion
occurs. [78] Pores also impede the formation of an uniform protective film on the surface,

allowing for localized corrosion. [78]

As such, further study of the corrosion behavior of 3161 manufactured via PBF-LB\M and

heat-treated with a heat treatment plan optimized for IN718 would be warranted.
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Further study could allow to determine the level of influence that porosity has and to see the

level of corrosion for samples without notable porosity.

Table 30 gives the parameters /o, 0, Eeq, and ac determined from Equation 15 being fitted to

the raw corrosion data.

Table 30. The parameters: /o, o, Ecq, and a. determined by fitting the Butler-Volmer equation (Equation 15) to

corrosion data from each corrosion sample, both for as-built (AB) and heat-treated (HT) data.

Sample: AB IN718 HT IN718 AB Interface | HT Interface | AB 316L HT 316L
ze[1] 3 3 2 2 2 2
Ip[mA] 7.60E-7 4.00E-7 1.55E-7 1.75E-5 2.65E-5 2.00E-5
oa[1] 0.020 0.065 0.035 0.055 0.055 0.04
oc[1] -0.15 -0.14 -0.14 -0.105 -0.04 -0.04
Eq[V] -0.267 -0.272 -0.225 -0.570 -0.631 -0.663

When reading Table 30, it is good to keep in mind that these values were acquired with a

manual fit, and that the raw corrosion data from the measurements did not necessarily align

well with the Butler-Volmer equation when fitted due to the data potentially having recorded

other corrosion events. As such this topic would warrant further research.

Given the degree of reliability that is to be expected for the results, it is suggested to limit

observations to the differences in order of magnitudes when reading Table 30. As can be seen

from Table 30 the notable difference after heat treatment occurs for the interface. The

exchange current increases by approximately two orders of magnitude.

Exchange current density, and by extension, exchange current, is linked to the rate constant in
chemical reactions, being analogous to it. [79], [80] As such the results given in Table 30 are

in agreement with the results given in Table 29.

The raw corrosion data and the Butler-Volmer fits are illustrated in Figure 42.
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Figure 42. The raw data from the corrosion measurements and the Butler-Volmer equations fitted to them.

Figure 42 shows the corrosion data from each measurement. The anodic transfer coefficient

determines the angle of the exponential plateau towards negative while the cathodic transfer

coefficient determines the exponential plateau for the positive. It can be seen that when the

measurement is begun at the minimum potential, the current decays exponentially to the

anodic exponential plateau.

As seen in Figure 42, a secondary increase in current can be seen in the cathodic region of the

IN718 current measurements both as-build and heat-treated. These increases in current

beginning in the vicinity of -0.1 V and decelerating in the proximity to 0.2 V. This is

speculated to be a secondary reaction beginning in the vicinity of -0.1 V, the growth of which

then would plateau to its own cathodic transfer coefficient after 0.2 V, but this topic would

require further study.
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In Figure 42 there is a notable difference in the behavior of the corrosion samples for the
interface between as-built and heat-treated. The behavior seen in the as-built current is
speculated to occur due to porosity and powder which was not oxidized due to it not being
heat-treated. However, this explanation does have a problem in the fact that any powder
within lack-of-fusion pores inside the interface sample would have formed under the Argon
atmosphere of the PBF-LB\M machine, and as such the amount of oxygen present to allow

oxidation would be limited. As such, this behavior would require further research.

The measurements performed on 316L as shown in the Figure 42 can be seen to have noisy

yet recognizable patterns.

Of note in the 316L corrosion behavior in Figure 42 is the anodic side in the vicinity of

-0.7 V, with the data having a minute deviation compared to the Butler-Volmer equation fit.
The deviation can be seen as a delay in the decrease of current when the anodic side
approaches the equilibrium potential (Eeq). This could be the result of a lesser reaction with a
lower anodic transfer coefficient but a slightly more positive equilibrium potential (Eeq).

The feature of the sharper and later decrease to the equilibrium potential (Eeq) is speculated to
be a linear combination of the currents caused by the proposed lesser reaction and the most

prominent reaction in the system. However, further research is warranted.

Additionally in the cathodic side of the 3161 measurements shown in Figure 42: there seems
to be a ridge in the region of -0.7 V to -0.4 V which experiences its own plateau. This ridge

being more pronounced for the heat-treated sample.

The noted behavior on both the anodic and cathodic sides for the 316L measurements seen in
Figure 42 could be the effect of another, less prominent reaction occurring. This reaction
having a similar equilibrium potential as the prominent equilibrium potential. This less
prominent reaction also seemingly possessing a lower anodic and cathodic coefficient.

However, further research would be warranted.

It is observed that the interface measurement for the as-built sample behaves more like the
IN718 sample measurements. While the interface measurement for the heat treatment sample
behaves more akin to the 316L sample measurements. This can be seen when comparing the
values of Eeq and /o shown in Table 30 and Figure 42. This behavior was unexpected, and

would warrant further research.
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All of the above considerations and speculations are susceptible to the uncertainty of the
data collected, due to the method being single sweep. Which is to say, there were no repeat

potential sweep measurements for the current done for any of the 6 sample types.
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12 Conclusions

The research conducted in this thesis shows that 316L.-IN718 can be feasibly joined with
PBF-LB\M. Additionally, the results indicate that heat treatment performs a crucial part in the

performance of the bimetallic combination.

The manufacturability of the bimetallic combination of 316L-IN718 via PBF-LB\M was
studied by manufacturing a set of workpieces where AMed 316L functioned as the substrate
and IN718 was additively manufactured on top with varied parameters. The optimal
parameters for the interface and porosity quality were determined by grading and a process of

elimination.

A new set of workpieces were manufactured with the parameters chosen in the process of
elimination and half of the workpieces were heat-treated with an IN718 focused heat

treatment plan.

The porosity, microstructure, geometrical accuracy, hardness and corrosion behavior of the
bimetallic combination were studied, in addition to the influence of the IN718 focused heat

treatment on these characteristics.

The porosity and microstructure were analysed with microscopy, and micrographs were taken.
Micrographs were analysed to determine observations about the microstructure and a Python
program was developed to calculate the porosity visible in the micrographs. Heat treatment
was determined to increase porosity, but with only a slight increase for IN718, with a notable
increase for 316L, while the interface seemingly was an average of the IN718 and 316L

values.

The geometrical accuracy was measured with a 3D surface analysis microscope. A point
cloud was collected and later a line analysis was performed to the point cloud data.
Geometrical accuracy was determined from the line analysis results. The geometrical
accuracy results for both the as-built and heat-treated workpieces were within a reasonable
margin from the ideal dimensions. Heat treatment did not seem to have a notable effect on the
geometrical accuracy, as the results were similar between as-built and heat-treated. The
greatest relative difference between the as-built and heat-treated deviations from the ideal
measurements was in the rounding radius of 316L. However, it is questionable if this is due to
the influence of the heat treatment, as the internal variance of the rounding radius

measurement for any given sample may be greater than the influence of heat treatment.
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As such the exact effect of heat treatment on the geometrical accuracy remains uncertain, but
the findings suggest that the influence of heat treatment on the geometrical accuracy is

limited.

Hardness tests were performed, and it was noted that heat treatment had significantly
strengthened IN718, while slightly lowering the hardness of 316L. The interface was noted to
have gained a slight increase in hardness after the heat treatment. Theory of the phases of

IN718 and their microstructural influence on material was discussed.

Corrosion measurements were performed for corrosion samples cut from heat-treated and as-
built workpieces. Corrosion experiments used a potentiostat and a 3,5% NaCl solution, the
sample as the working electrode, a Ag/AgCl reference electrode and a graphite auxiliary

electrode. The corrosion behavior was measured and the measurement results were analysed.

Corrosion rate was determined via potentiostat analysis and the Butler-Volmer equation was
fitted to corrosion rate measurement data. The findings suggest that heat treatment increases
the corrosion rate of IN718, 316L and the interface, with the greatest relative increase in

corrosion rate post heat treatment being measured for the interface.

Overall, this thesis established an understanding of the PBF-LB\M of bimetallic 316L-IN718

and the properties of the bimetallic combination manufactured via PBF-LB.

All data will be made available upon request to the author or the University of Turku.
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12.1 Synopsis of results

The main results are given again in this chapter.

Figure 43 shows the results of the porosity measurements.
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Figure 43. The 95% Confidence intervals for the levels of porosity of each type of measurement from Table 20

and Table 21 represented.

Figure 44 shows the results of the geometrical accuracy measurements.
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Figure 44. The deviation of the measured workpiece dimensions from the ideal workpiece dimensions given in
millimeters. The negative sign signifies a dimension smaller than the ideal while a positive signifies opposite.
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Figure 45 shows the results of the hardness measurements.
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Figure 45. The 95% Confidence intervals for the HV10 values of each type of measurement from Table 25 and
Table 26 represented.

Figure 46 shows the results of the corrosion rate measurements.
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Figure 46. The results of the corrosion rate measurements. Note the logarithmic scale and the gridlines.
12.2 Future work

The project which governed this thesis had been limited in scope by regrettable circumstance.
The foremost of which would be the unexpected inability for the thesis to include the
dilatometry tests. Given this, it is concluded that a potential avenue of further study would be

the dilatometry of 316L-IN718 pieces manufactured via PBF-LB\M.
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Additionally, there were other aspects which were not measured in this project, namely tensile

strength and wear resistance. The study of these would also be suitable future pursuits.
Furthermore, the original project outline defined the following aspects as out-of-scope:
e Fatigue investigation

e Computed tomography

e Residual stress analysis

e Helium leak test

Each of these could be set as an option for future study as well. To elaborate:

e Fatigue investigation would be ideal for the purposes of determining the limits and degree

of viability of the bimetallic 316L-IN718 in industrial application.

e Computed tomography would allow for thorough analysis of the bimetallic 316L-IN718
material, with the ability to utilize a 3D visualization of defects and use this to possibly
determine a connection between certain defects and different scanning strategies and

process parameters as well as different heat treatments.

e Residual stress analysis, like fatigue investigation, would be important to study so that the

real-world application of the bimetal could be ascertained.

e Helium leak tests would be another way to study the integrity of the microstructure of the
material, and would be useful to know, if the material would be used in applications

related to fluids.

Scanning electron microscopy and energy dispersive spectroscopy of the interface area are
also suggested as avenues of further research, to allow for a more comprehensive

understanding of the interface microstructure, porosity and metallurgical bonding.

Process simulation would also be an interesting aspect to study in the field of bimetals, as it
would allow for cost effective ways to study phenomena, even if simulations would have to

be confirmed with laboratory experiments.

A concept of using in-situ process monitoring techniques to corroborate with simulations is

proposed as a potential research topic of interest.
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Appendices

Appendix 1. Use of Al in the Thesis.

No Al was used in this thesis.

Appendix 2. Corrosion measurement data

All corrosion measurement data will be made available upon request to the author or the

University of Turku.

The “Eoc monitor” measurement results are seen in Figure 47, Figure 48 and Figure 49,

where the measured potential (E) is shown as a function of measurement time (7).
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Figure 47. The Eoc monitor measurement data for the as-built and heat-treated corrosion samples for 316L.
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Figure 48. The Eoc monitor measurement data for the as-built and heat-treated corrosion samples for the
interface.
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Figure 49. The Eoc monitor measurement data for the as-built and heat-treated corrosion samples for IN718.
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