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Abstract

Design and production of the blades is a sophisticated process that needs to be optimized for given
permanence of the rotor. Shape of the rotor requires complicated casting. For small series of produc-
tion it is wise to use 3D printing technology. Aluminium - Bronze as a production material offers good
combination of strength, flexibility, corrosion resistance and ease of printing. Micro-structural proper-
ties were studied on a specimen printed by robotized direct-energy-deposition machine using 2200W
laser. Analysis was carried out on optical microscope, scanning electron microscope and transmission
electron microscope. Also X-ray spectroscopy was performed. It was found that the Al bronze contains
«a Cu and FegAl phase.
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1. Theory

Increasing industry needs in weldability, corrosion resistance, high tensile and yield strengths at dif-
ferent temperature ranges led to development of additive manufacturing (AM). AM is a technology
where layers of a material are placed on each other to create final product.

The term “Additive manufacturing” is sometimes connected with rapid prototyping. Such prototypes
are often used in industry during testing or for improving an existing product. During production of a
prototype the main concern is the production time of the prototype and the price. Final product can
be produced by different methods than the original prototype so they can have different mechanical
properties. In earlier days the terms Rapid prototyping and additive manufacturing were equivalent.
Today these terms are not used together because by some of the AM methods it is possible to produce
not only prototypes but also final products with required mechanical properties. Rapid prototyping is
therefore one of the sub-categories of AM.

AM is also sometimes called 3D printing. 3D printing is used for creating prototypes for more than 20
years. AM increases possibilities of design, where new ideas can be transformed to real world straight
away. With the development of AM methods came also efforts to incorporate this prototyping method
into normal production processes. Advantages of AM are the decrease of the weight, decreased material
consumption, and lower final prize for sophisticated shapes. There can be savings in machining tools,
because the material is added instead of removed. During the production, there can be material savings
up to 90% but the energy savings can be better only for small series of production [1]

Interest in AM is growing since 1990s as ca be seen in fig. 1.1.

3000+ - - - - Rapid Prototyping
—— 3D Printing

— — Additive Manufacturing
2500 —--= Bioprinting

2000

Hits

1500
1000

500

1990 1995 2000 2005 2010 2015
Publication Year

Figure 1.1.: Publications about rapid prototyping, 3d printing, AM and bio-printing according to
amount of references per year |2].

1.1. Direct Energy Deposition and Powder Bed Fusion

AM can be divided according to the supplied filament. Material in this thesis was produced from
powder material by Direct Energy Deposition (DED) method. There are various techniques using

powders as a source material. There is an overview of the most common ones in the table 1.1.
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Direct Energy Deposition (DED) Powder Bed Fusion (PBF)
Laser based DED Direct Metal Laser Sintering
Arc Directed Energy Deposition Selective Laser Melting

Electron Beam Directed Energy Deposition (EB-DED) Electron Beam Melting
Selective Laser Sintering

Table 1.1.: Main types of Additive Manufacturing techniques incorporating powder source material.

1.1.1. Powder Bed Fusion

Laser or electron beam is used during Powder Bed Fusion (PBF). This beam melts powder and fuses
material together. After creating of one layer, it is necessary to spread new layer of material and fuse
this layer again together. Typical thickens of one layer is between 25 to 100 um. New layer of powder
is deposited by roller or blade and the powder is supplied via cartridge or hopper. Some materials or
techniques require vacuum. Main advantages compared to DED is lower machine cost, wide material
choice and in some cases possibility of recycling the powder. Disadvantages are longer printing time,

higher post processing requirements and higher need of source powder.
Energy System

Roller/ Scraper z
Powder delivery

abricated object

y X

J !

Figure 1.2.: Powder bed manufacturing process [3].

1.1.2. Direct Energy Deposition

Compared to PBF, DED uses different strategy to supply the source material. In this case the material
is simultaneously supplied by nozzles directly to the melted pool and is melted by plasma arc, electron
beam or laser. Samples investigated in this work were produced by DED and the source material was
a powder.

The system for supplying the powder is composed of specially designed feeder that brings the powder
to the nozzles. High energy beam is placed in the center of the system between the nozzles and is
focused by a set of lenses on to the surface of the fabricated object. Motion of the lens and the powder
nozzles in the Z direction guides and changes the focus of the beam on the surface of the product but
the lens and nozzles can travel also in the X-Z direction. Fabricated object on the machine table can
be in some applications moved in X-Y direction and tilted allowing 5-axes orientation. This helps to
create required geometry of the weld cross-section. Each layer is placed on top or next to previous layer
and this system creates final 3D product. Multi-axis tables and laser heads and continuous supply of
the powder allows DED to create products with complicated geometries and very good dimensional
accuracy. DED can be also used for repairs or refurbishments of damaged or worn out parts, and for
coating corrosion resistance layers on to other products.

DED technology usually uses laser beam as a source of energy. In this case shielding gases like argon,
nitrogen or helium are mostly used. There are two options of feeding the material. One is powder

blown (see fig. 1.3) and the other one is wire feed. Samples in this thesis were created by powder



1.2. PARAMETERS OF 3D PRINTING 11

blown technology.

Powder nozzle
Laser beam

Shielding gasx
Powder
Deposited material \ /
Fusion zone Molten pool
Substrate plate
\/

Figure 1.3.: DED manufacturing process [4].

Important part of the printing machine are high speed feedback sensors controlling the deposition
process and sending real time data into the main computer. They are gathering information about the
layer that is currently printed. The main computer can optimize the printing parameters according
to this information, so the dimension accuracy and material integrity is kept. Powder used in DED is

usually with grain diameter d = 45 — 150 um. Advantages of DED compared to PBF are [5]:

e higher printing speed

printing of heterogeneous materials

combination of powders - creating different material than was the original powder

coating of existing products

less material waste

Easy to refill existing material
e less post processing

Disadvantages of DED compared to PBF are

e dimension accuracy
e printing of porous structures is not possible

e At 3 axis system max overhang over 5°is not possible

1.2. Parameters of 3D printing

There are multiple parameters affecting the quality of the final print. Those with highest impact are

mentioned in this chapter.

1.2.1. Laser power

Power of the laser is affecting the final shape of the melt pool which is described by the height and
width of the melt pool. For lower power the powder can be melted only partially and the height and
width of the melt pool can be not sufficient. This can result in small overlay between each layer and the

resulting height of the layer in the Z axes could be too small or the surface can be collapsed. Further
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the connection between the layers can be worse and the layer can later separate from the sub-layer.
In the opposite case, when the power is too high, the height of the layer can exceed requested size. In
extreme case this can lead to collision between nozzles and deposed material, because for each layer

the nozzle is moving in 7 direction only by predefined distance.

1.2.2. Print speed

Print speed is connected with the amount of energy invested into the material and will have effect on
the melt pool dimension. Between the melted melt-pool and base material is high temperature gradient
and surface tension. If the print speed is low, a lot of energy is added to the melt-pool, consequently,
the temperature gradient and the surface tension will decrease during the transfer of the heat between
melt pool and the surrounding environment. But the resulting surface of the melt-pool will be uneven
and also local solidification can lead to cracks. In the opposite case, when the speed is too high,
insufficient amount of energy is transferred into the material which can lead to worse adhesion between
melt-pool and sub-layer. Other result of high speed can be insufficient melting of powder resulting in

higher porosity.

1.2.3. Scanning strategy

Printing strategy (scanning patterns) can affect porosity, roughness of the surface, micro structure and
mainly heat transferred into the previously deposited material. Main printing strategies are ZigZag,
Parallel or Spiral (see fig. 1.4). For each type it can be further decided if also a contour will be used.
Contour is a path bounding given layer which is than filled by some of the printing strategies mentioned

above. Amount of contours depends on the required shape of the resulting edge.

OOC000000000C0000;

(]

(a) | (b) | (©)

Figure 1.4.: Three main scanning strategies: a) Parallel, b) ZigZag, c) Spiral |6].

1.2.4. Layer height and Track width

Height of the layers in the Z direction is dependent on the optical system of the laser beam. Today,
machines equipped with adjustable optics are available which allows to change the laser beam diameter
during the printing. This will then affect the height of the layer. That in turn can affect resulting
strength, roughness, micro-structure or resulting printing time. Distance between each track - track
width - is smaller than laser beam diameter and should be around 2/3 of laser beam diameter. For
example for laser beam diameter 0.8 mm, the track width would be 0.5mm. This distance effects

porosity, mechanical properties and resulting size in Z direction.

1.2.5. Special parameters of 3D print by DED

During the deposition of the material, it is crucial to keep the laser beam focused to the same spot

where the powder injection takes place and also to keep it in the axis of the scanning direction. One
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Laser beam

Powder Feed )
Nozzles —

Powder stream

Layer thickness

Y /
Motion /—45 l l l
1z |
\ Track width

Figure 1.5.: Description of the printed layers [8].

of the reasons for that is the melt pool overlap. If the melt pools from neighboring tracks will not be
in designed distance, risk of creating pores will increase. Only part of the weeded powder is in that
case melted, rest of the powder will stick on the melted material. Another layer will cover this area

and that will create pores [7].

1.2.6. Defects in DED

Even though the process of deposition is fully automatic, some defects may appear. These defects,
like porosity, cracks or in-homogeneity, change the mechanical properties of the material and are

undesirable.

Cracks

Most common reason for crack creation are poorly chosen printing parameters or the printing (de-
positing) process distribution without proper correction of the printing parameters [36]. Also when the
base material for the printing has significantly different thermal expansion coefficient, the cracks may

appear between these two materials. Cracks in the material then decrease the integrity and strength.

Porosity

Porosity (size and amount) can affect significantly the mechanical properties of the final product. We
have 2 main types of porosity: inter-layer and intra-layer porosity. Inter-layer porosity is created when
the ratio between laser power to scanning speed is too low. Then there is a chance that not all the filler
material will be melted and that will create un-melted regions [39] which are usually located between
the tracks. Size of the pores is usually larger and the shape is irregular.

Intra-layer porosity is connected with the shielding gas. During the deposition process some gas can
be trapped inside the material and after the solidification a pore at that place can be found. These

pores can be found anywhere in the material and are of the circular shape.

1.3. Aluminium bronze

Aluminium bronzes or sometimes also Aluminium coppers are alloys of copper with 5-12wt% of Al
Other alloying elements can be iron, nickel and manganese. According to chemical composition alu-

minum bronzes can be divided to “binary” (i.e. alloys of copper and aluminium without any additional



1.3. ALUMINIUM BRONZE 14

alloying), “ternary” (with two alloying elements) or “complex” (with more alloying elements), see ta-
ble 1.2. Aluminium bronzes are used for their good mechanical properties, high wear and corrosion
resistance, high impact resistance, good machinability and weldability and also resistance against
cavitation. Compared to brasses or tin, aluminium bronzes have better corrosion resistance due to
protective AloO3. Aluminium bronzes can also offer decent stability up to temperatures around 400
°[12], [13], [32].

Classification Chemical content
Binary CuAl
Ternary CuAl + Fe, Ni, Mn, Si, Be, Sn, Co
Complex CuAlFeNi, CuMnAlIFeNi

Table 1.2.: Classification of Aluminium bronzes according to [32].

1.3.1. Copper

Copper was most probably one of the first metals used by humans and nowadays is the third most used
metal. In general, the main properties why copper is so widely used are high electrical and thermal
conductivity, good corrosion resistance and also good formability. Copper is non-polymorphic and
creates crystal in Face-centered cubic system (FCC). Specific weight of copper is 8930 kg/m?3, modulus
of elasticity is 128 GPa, melting point is 1083°C, the thermal conductivity is A = 397 Wm.K and
electrical conductivity is 58.1x10° S/m [9].

1.3.2. Aluminium

Aluminium is the second most used metal after iron. It is widely used as pure aluminium or in
alloys. It can be formed, cast, melted and machined. It has good electrical and thermal conductivity.
Specific weight of aluminium is 2700 kg/m3. It has very good corrosive resistance, aluminium creates
protective oxide coating, that can prevent the material from most types of corrosion. Other advantages
are aluminium’s strength at low temperatures, and that it is impermeable, odorless, non-magnetic,
non-toxic, and ductile. Melting point is 660.3°C, thermal conductivity is A = 205 Wm.K, modulus of
elasticity is 69 GPa [10]. Aluminium creates FCC crystal structure. Aluminium bronze usually contents
5-13wt% of aluminium and aluminium is the main strengthening element. If the weight content is
13wt% then the hardness is highest but the ductility is reduced to 1%. As an alloy in Aluminium
bronze, it can improve mechanical, tribological and corrosion properties [32]. It is important to control
the amount of Al in the product, slight change of about 0.1wt% can affect the resulting mechanical
properties.

From the start of the research of the binary alloys the results show appearance of participates and
martensitic, ordering reactions. Micro-structure of AlCu is complex and during the time more types
of phase diagram were produced. Nowadays, the one from Murray [33] is widely used (shown in the

fig. 1.6). But it is still developing and some of its parts are improved and specified.

1.3.3. Iron

Iron is the most used metal and is used in wide ranges of applications. With increasing temperature
iron will undertake two allotropic transformations and one change in magnetic properties. At room
temperature iron has BCC lattice and a lattice constant of a = 2.87A. At 760° ferromagnetic iron o

becomes paramagnetic and is called 8. At 912° g8 iron with BCC lattice is transferred into the v iron
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Figure 1.6.: Phase diagram for CuAl system. For purpose of this work the part around 20at% (9.42wt%)
of Al is important [33].

with FCC lattice. Another allotropic transformation will happen at 1394° when ~ iron converts to &
iron with BCC lattice. From this temperature till the melt point at 1539° the lattice structure is stable
(see fig. 1.7). Specific weight of iron at room temperature is 7874 kg/m3 [11]. In the aluminium bronze

the iron slightly modifies original Al-Cu phase diagram. Iron helps to refine the grains.
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1.4. Micro-structure of Aluminium bronze

If the aluminium content is below 8 to 9wt%, then aluminium dissolves in copper and the resulting
structure after cooling consists only from the « phase. If the aluminium content is higher (between 9 -
15wt%), then second phase known as (3 is created. This 3 phase is present only at higher temperatures
and is stronger and harder. If the material is then slowly cooled below 565°C, then the 3 phase will
change into finely divided structure (eutectoid). This new structure will consist of lamellar eutectoid

«a and o or sometimes also called .

1.4.1. Alpha [o] phase

Alloys containing smaller amounts of aluminium (typically less than 6-8wt%) will solidify as a single «
phase alloys with one homogeneous (Cu) phase [32]. That will cause the material to be of low hardness
and high ductility. Based on the cooling rates alloys with Al content above 8wt% will give o and some
other phases like 8 CusAl. Alpha phase is white etching in the figures and the lattice parameter is
3.64A- that differs very slightly from copper [41].

1.4.2. Beta [3] phase

Alloys with more than 9wt% of aluminium will solidify as #. From the phase diagram for binary Al-Cu
system on fig. 1.8 it can be seen that when the temperature falls under 910°C, 8 will start to deposit
from the . The more the temperature lowers the more disordered S phase we get and it will start to

undergo ordering reaction,

6disordered(A2) — 6ordered(DOg) .

At this stage the structure looks like Widmanstatten structure comparable to that found in 60/40
brass [14]. It is a CuzAl compound with a wide solubility range [32]. Once the temperature reaches

565°C, eutectoidal decomposition of remaining 8 will happen,
b1 — a+ .

But the 8 phase can be present even at lower temperatures, if the cooing rates are fast enough. In
case of fast cooling rate the ordering reaction will precede the martensitic transformation [32], which
leads to formation of metastable phases. There will be 8’ present below 565°C and it would transform
into a “hard acicular martensitic form by a process not requiring diffusion” [14]. For higher Al contents
(more than 12wt%) two ordered martensitic phases v’ and (31" are present.

Ounly at slow cooling rates entire 8 can decompose. Transformation into CugAly (72) will happen
at first. This leads to the decrease of Al content in the matrix. When the Al content decrease below
10wt% than the o phase will start to form. This reaction requires time to be completed [32]|. 5 phase
forms BCC lattice. Strength of the 8 phase alloy is higher than for a phase alloy but the ductility at

room temperature is lower.

1.4.3. alpha + gamma, [a + 1.] phase

This phase is created after slow cooling from higher temperatures and starts to occur below 565°C.
Aluminium content of ~9 phase is higher than the one in § phase. Corrosion properties are similar to
that of the 8 in brasses. If 5 is isolated, then the risk of corrosion is not severe, but if the vo creates

a continuous network, the risk of the corrosion and penetration through the material increases. So the
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creation of v phase can significantly affect the corrosion resistance of the material and the corrosion
can penetrate into the body of the material.

Addition of Fe helps to refine the structure and should restrict creation of the 7o phase. Also the
amount of aluminium can help to prevent the 75 phase. According to [15], content below 9.1wt%
should restrict formation of continuous network of v phase. Also the cooling rate affects the size of o
phase but according to [15] even the slowest cooling rates for Al 8.7-9.1wt% will not create continuous

network and the gamma phase is then discontinuous.

1.4.4. Kappa [x] phase

Addition of small soluble amount of Fe into the Al-Cu does not affect the matrix but leads to formation
of the inter-metallic FegAl k precipitates. According to Al and Fe content and cooling rates it can have
FCC or BCC lattice. For example for Fe4dCu87Al9 that is slowly cooled, Fe forms a BCC phase with
0 to 5%Cu, up to 13.5%Al and Fe which is very well crystallized [41]. x phase could be found in alpha
and beta phase and precipitates in large globules where some have diameter pum. Addition of 2%wt
Fe and formation of k phase improves the tensile strength and the hardness increases [32], but it also

reduces the the percentage elongation.

1.4.5. lron

As mentioned above, one of the ways how to prevent creation of ~5 phase is to add Iron and or Nickel.
Besides this, iron refines the structure. Publications [15] [32]| usually say that 2wt% of iron should
be sufficient. Iron particles precipitate through both phases a and 8. But the temperature when the
precipitation starts varies according to the amount of aluminium present [14]|. For smaller wt% of
aluminium and for « alloys, the iron solutes when the temperature gets below 1000°C. For alloys with
higher amount of aluminium, the iron will start to precipitate at around 850°C. The precipitates of
iron can be observed evenly distributed through the structure. Solubility limit of Fe in the Al bronze is
around 3.5wt% and till this limit all Fe is usually retained as a solid solution but some Fe rich particles
(BCC aFe) can be observed [32].

Iron also improves the corrosion resistance, but it must be solid solution and should not precipitate

as pure Fe [32].

1.4.6. Dislocations

Dislocations are included in the crystal when some mechanical force is applied like during the solid-
ification or during a plastic deformation. It is a linear crystallographic defect. We have two basic
types of mobile dislocations - edge and screw (fig. 1.10). Combination of these two is called mixed
dislocation. The amount and the orientation or arrangement affects material properties. Dislocation
starts and ends on the crystal wall or is connected to itself and creates a loop.

Edge dislocation with the Burgers vector being perpendicular to the dislocation line is a dislocation
where half plane of atoms is added in between an existing crystal. Burgers vector together with the
dislocation line creates (defines) the slip plane. At screw dislocation the Burgers vector is parallel to
the dislocation line and there is a lot of slip planes in which the dislocation can move. Movement of the
edge dislocation is energy efficient. Oscillation in the lattice disrupts the bond around the dislocation

and it will shift by one inter-atomic distance [38].
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Figure 1.8.: Left phase diagram is for Copper Aluminium Iron (3wt%) and right phase diagram is for
Copper Aluminium [14]. Red lines represent Aluminium content of the tested samples.
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Figure 1.10.: Schematic diagrams of A) an edge and B) screw dislocation in an atomic lattice [37].

1.5. Hardness testing

Hardness testing is cheep and fast method, that can give us good overview about one of the basic
material property. There are various test machines with different inventors. In my case Vickers
hardness test was used. The test is usually carried out multiple times to get overview about grater
part of the sample surface. Sample is placed into the machine. Indenter then presses against the sample
with required force for 10-15s. Size of the imprint is then measured and the result gives us resistance
against deformation, see fig. 1.11. In case of Vickers test, the indenter has shape of a pyramid. Load is
adjusted according to material and can be between 1 - 120kg. All the tests were carried out according
to EN ISO 6507-1:2018 standard [30].

R

>

W

Figure 1.11.: Schematic drawing of Vickers hardness test indenter [29].

1.6. Microscope

Various types of microscopes were used. In the start of the work light microscope (LM) was mainly
used to quickly investigate the structure of the material. Later in the research, also the transmission
electron microscope (TEM) and scanning electron microscope (SEM) were used. To investigate the

phases in the material, also X-ray diffraction was used.
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1.6.1. Light microscope

During the research Olympus GX53 inverted microscope was used (see fig. 1.12). LM is used for
observing objects not visible by naked eye, sometimes also the term “optical microscope” is used.
Magnification of the LM is from 5x to 100x and we can observe objects from 0.2mm to 0.2pum. Some
microscopes can also use special sources of light to improve the observation. For example, circular
LED illumination for dark field to reduce the halation improves the visualization of surface texture

[17]. Optical system of LM composes of 3 main parts - objective lens, ocular lens and the condenser.

Objective lens

Most important part of the LM is the objective lens. It usually consists of multiple lenses. Investigated
object must be placed in the distance between f and 2f so we get real, enlarged and overturned image.
Focal length is very short (in millimeters). Objective lens determines the magnification and the quality
of the resulting picture. To get higher magnification, we have to turn the revolver head and change

the objective lenses. These lenses are usually colored for faster orientation [16].

Condenser

In the inverted microscope is condenser located below the stage and above the light source.

Figure 1.12.: Olympus GX53 used during the research. Sample is placed on top deck and the objective
lens is located below the sample. Condenser is improving the illumination of the specimen
by gathering from the light source and pointing it to the sample [17].

1.6.2. Electron microscope

Electron microscope (EM) helps us to investigate objects up to the size of nanometers. Beam of
electrons is used in EM, compared to LM where the beam of photons passing through the lenses is
used. The electrons in EM are passing through the system of lenses as well, but in LM glass lenses
are used whereas in EM electromagnetic lenses are used. Electromagnetic lenses are coils creating

magnetic field with required shape. Using electron beam instead of photon beam increases resolution
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of the microscope. Resolution of the microscope can be calculated as:

0.61\

resolution = —
nsin o

where \ is wavelength of the beam, 7sin « is the objective numerical aperture [20]. The value calculated
in this way is only theoretical, and in real life the magnification is smaller due to additional errors
caused by limitations in the construction of the microscope. It is also obvious from the formula above
that the resolution of EM is greater than for the LM and the different values can be compared in table
1.3.

Parameter Light microscope | Scanning el. microscope | Transmission el. microscope
Magnification (4 - 1000) x (10- 2x10%) x (100 - 5x107) x
Depth of field 15.5mm - 0.19mm 4mm - 0.4mm 0.00001mm

Resolution 0.2mm 1 nm - 20 nm 0.050 nm

Sample thickness Any Any <150 nm
Accelerating voltage - 5 - 20kV 100 - 300kV

Table 1.3.: Main differences between light microscope, scanning electron microscope and transmission
electron microscope [18], [19].

Resolution of EM can be adjusted by accelerating voltage U. That is voltage between the cathode
(source of electrons) and anode. Due to the accelerating voltage, an electron with charge e(1.602101°C)
and mass m(9.1091073 kg) will gain kinetic energy Ej that is :

L o

Ek:eU:§mv.

We can consider electron as a mass particle but also as a plane monochromatic wave with wavelength
A

)\:—:7
p  mu

where h is the Planck constant (6.62610734.Js) and p is electron momentum. Combining the above

equations, a relationship between acceleration voltage and wavelength of electron is obtained:

h2

eU = CISR

Source of the electrons in EM is an electron gun. Efficiency of electron emissions can be increased by
proper shape of the cathode. Electron guns can be divided according to energy supply to the emitted

electrons:

e Thermionic - Cathode is heated and so the inner energy is increased. When the limit temperature
is exceeded, the electrons are emitted from the surface of the heated cathode. Materials used
for this type of cathode are tungsten (lifetime approximately 100 hours), lanthanum hexaboride

crystal (lifetime approximately 250 hours). Advantage is a stable electric current as large as 1 A.

e Field emission - Tip of the cathode has very small curvature of about 100nm. Opposite to the
cathode an electrode with high positive current is located. Around the emitter tip of the cathode
strong electric field is created which is able to emit the electrons from the surface. This procedure

requires high vacuum. Material used is tungsten with unlimited life time.



1.6. MICROSCOPE 23

Interaction between electrons and sample

When the beam hits the sample, scattering will occur. In case of electron microscopy we get two types
of scattering - elastic and inelastic. This results in wide spectra of signals from which we can get
multiple information about the sample. Different electron-matter interactions can be seen in the fig.

1.13.
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Figure 1.13.: Electron-matter interaction volume and types of signal generated [21].

There are two basic types of Electron microscopes - Scanning electron microscope (SEM) and Trans-

mission electron microscope (TEM).
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1.6.3. Scanning electron microscope

SEM is technically more complicated than TEM, therefore it was introduced later than TEM. Advan-
tage of SEM is the procedure of sample preparation. Sample needs only to fit the chamber and the
sample holder and is not required sample thickening to pum as for TEM. As can be seen in the fig. 1.14,
we can get various signals about the sample. This information can be included in the amount of back
scattered electrons or secondary electrons, in distribution of their energies, direction of the emission or
combination of these factors. Back-scattered electrons (BSE) are result of the elastic scattering from
the sample. Their energies are usually in the range 0.7-0.9 Ey (primary energy). BSE are from deeper
parts of the sample and include information about composition of the sample [22], [23].

Secondary electrons (SE) are from the inelastic interaction at the surface or near-surface of the
sample. They are used for the inspection of the topography of the surface. Secondary electrons have
small kinetic energy in the range 0-50eV, mostly 3-5eV. An X-ray signal is also created in the sample
which can be used for the chemical analysis of the sample.

Depth of interaction of the beam with the sample is dependent on the atomic number of the material

the sample is made from - the smaller atomic number, the deeper electrons can get.
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Figure 1.14.: SEM scheme [22].
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1.6.4. Transmission electron microscope

TEM allows us to investigate micro-structure of materials from size of pm down to atomic level. TEM
JEM-2100 with 200kV acceleration voltage used for the investigation is depicted in the fig. 1.15. In the
main box the vacuum system and the electronics are located. The power box and high voltage tank
are located separately. In the vertical tube, there is electron gun, electron accelerator, electromagnetic
lenses and the fluorescent screen. For the process of sample investigation high vacuum is required,
usually between 1073 - 107°Pa. Highest vacuum is required around the electron gun and around the
sample. Sample is located approximately in the middle of the tube [24].

Electron emission in our TEM is done by crystal of lanthanum hexaboride (LaBg)[26]. Electron gun
then produces a beam of electrons with the density around 10'0Am~2sr~!. Another key part of the
TEM is the objective lens. Best lenses for 200kV TEM have spherical aberration Cs=0.5 mm. This
parameter together with (LaBg) cathode allows us to get resolution around 0.19 nm. On the other hand
the low coefficient of spherical aberration requires the lens to be placed close to the sample. Therefore
the tilting angle is limited usually to & 15°. But we mostly need to tilt the sample more, sometimes
up to + 60°. Therefore we use objective lenses with higher coefficient of spherical aberration.

Requirements on sample preparation for TEM are high. The thickness of the sample should be
usually less than 100 nm. Then the electron beam can pass through the sample and the magnified
image can be formed on the imagining device. Imaging device can be fluorescent screen, photographic
film or scintillator. The image is formed when the beam of electrons is passing through the sample and
the electrons are interacting with the atoms in the specimen. Electrons inside the sample can have
elastic and inelastic interactions. Different signals are depicted in fig. 1.13.

During elastic scattering, the electrons interact with the electrostatic potential of the nucleus of an
atom. During the interaction, momentum is changed which is always connected with a small change
in energy. Because of the big weight difference between electron and atom, this energy change is
negligible. During inelastic scattering, primary electrons are interacting with the electron shell. The
primary electrons are loosing some amount of energy, which is transferred to the electrons in the
electron shell and excite them. Later deexcitation occurs and energy is released, which can be detected
with appropriate detectors.

Crystalline material, when properly oriented, can experience electron diffraction on some crystal
planes. If all the parts of the electron beam are parallel, then electrons diffracted on different parts
of the crystal planes are also parallel. These resulting parallel beams are then focused by objective
lens into the points in the back focal plane (objective diaphragm). In this way Fraunhofer diffraction
pattern is created, which represents Fourier transform of the wavelengths of the wave leaving the
sample. The diffraction pattern should be further indexed to get the final information about the

crystal type. Directions and dislocation are determined by Burger’s vector [24].
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Figure 1.15.: TEM (JEM-2100) located at the University of Stavanger and the scheme of TEM [25].

1.6.5. X-ray Diffraction (XRD)

One of the usage of the XRD is to determine the crystallographic structure of the material. About 95%
of all solids can be described as crystalline [27]. Interaction with matter creates multiple responses, as
discussed before, but for XRD diffraction is the most important elastic scattering. Here the wavelength
of incident and scattered electron beam is similar. Bragg’s law can describe the general rule for

interference of two beams - the path difference must be integer times the wavelength:
2dsin @ = nA

where 6 is the angle between the electron beam and the crystal plane, d is the distance between the
crystal planes, n is an integer and A is the wavelength.

The sample should be a polished solid or a milled powder. When placed into the machine, the X-ray
source is moving in specific angle above the sample and on the opposite side with the same angle is
located detector. Sample can be stationary or can rotate. Resulting diffraction patterns are used to
identify the phases. Many diffraction patterns have been previously revealed and described and the

one in 28] is similar to that calculated from our results.

1.6.6. Indexing of diffraction patterns from TEM and XRD results

Two main techniques how to describe the material phases were used - TEM and XRD. To compare
their results for the d value, 6 was calculated and the indexing was carried out. At first the Diffraction
pattern (DP) from TEM was indexed and than the d value was used to find what peaks in XRD pattern
belongs to which hkl values and phases.

e *.jpeg picture from TEM was scaled according to the scale bar
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e Distance r between the spots was measured (preferably more spots with the same vh? + k2 + [?

to get average r)
e value was converted from inverse scale to get the d spacing (1/r)

e ratio of two d values is calculated and then compared with the table from [40] to find appropriate

d VhE+ k2412
hkl ratio -2 — VR
di R34+ k3+13

e lattice parameter a is calculated from the d value a = dv/h? + k2 + [2

e 0 is calculated from the d value and this result is compared with result from XRD using the
formula 2dsin 8 = A.

Figure 1.16.: Scheme of Bragg’s diffraction condition - sum of length AC and CB is path difference
between beams 1’ and 2’ diffracted from two neighboring atomic planes [27],[28|
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2. Methodology

In order to properly understand the problem, available papers related to the topic were studied.
Results from these papers were compared to the results obtained during examination of the 3D printed
aluminium bronze. Most of the used materials described in the publications have slightly different
chemical composition. Also the process of production of the final product was not exactly the same,
vet it was still possible to compare the results. All the tests were carried out in the laboratories of the
University of Stavanger except for SEM results from Oslo University. SEM, SEM and XRD analysis
was done by lab engineers. All details about the experiments are included in this part of the thesis. It
can be seen in the figures 2.1, that the samples were curved and bent, therefore it was decided to omit
tests of mechanical properties except for the hardness test, because of the lack of samples according

to standards.

2.1. Direct Energy Deposition - Sample properties

Material for the purpose of research was printed and delivered by Nordic Additive Manufacturing
Raufoss, Norway (NAM). Company is producing marine propellers (see fig. 2.3) and the material
delivered for the purpose of the research were parts of these propellers - see fig. 2.1. Size of the
samples was from 5x2x3 cm to 25x4x15 cm. All the samples were printed on machine Trumpf True
Laser cell 3000. Argon was used as a shield gas. This machine uses laser to melt the powder, which is
blown into the melt pool from one nozzle. Thickness of each layer is 0.95mm for one type of samples
or 1.bmm for another one. Thickens does not change within the printing. Samples have only one layer
thickness. For the smaller thickness laser power 2200W is used. ZigZag scanning strategy with contour
is used. Every second layer is turned by 90°- see fig. 2.4. Directions of scanning are called Transverse
direction if it is along X-axis, Longitudinal direction along Y-axis, and the Build direction along Z-axis.
Samples were cooled after printing in room temperature. No quenching or any other heat treatment
was reported.

Powder supplier is Oerlikon metco and the product name is Metco 51NS. This powder is manufac-
tured by gas atomization with density 3.9-4.3 g/cm?. Particle size distribution of the powder is -125
+45 pm. According to the product list (see Appendix 1) the chemical composition of the powder is
given by table 2.1.

Material | Value | Unit || Value | Unit
Cu 89.38 | wt% || 79.63 | at%

Al 9.42 | wt% || 19.74 | at%
Fe 1.1 | wt% || 1.10 | at%
N 0.005 | wt% || 0.02 | at%

Table 2.1.: Chemical composition of the powder Metco 51NS.
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Figure 2.1.: Samples from Nordic Additive Manufacturing [21].

Figure 2.2.: SEM image of the Oerlikon powder Metco 51NS [31].
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Figure 2.3.: Final product - marine propeller (Photo by: NAM)
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Figure 2.4.: Scanning method of the DED samples



2.2. SAMPLE PREPARATION 31

2.2. Sample preparation

For the purpose of investigation of the material’s micro-structure, it was necessary to prepare the
samples. At first they were cut in all 3 sections XZ, XY and YZ. These surfaces were then polished
and etched to obtain proper micro-structure. Hardness of the material is around 54 HV5, so few

polishing procedures were tried, before obtaining the right one.

2.2.1. Cutting

The specimens were first cut on the band saw to get samples suitable for precise cutting. Then the
samples were cut on Struers Discotom-10. This cutting machine is equipped with 2mm cut-off wheel
and samples for LM, SEM and XRD were cut here. Samples for TEM were further cut by Struers
Accutom-2 where it was possible to obtain samples with thickness around 1mm. Dimensions of the

specimens for LM and SEM were about 3 x 3 cm.

2.2.2. Hot Mounting

To be able to polish the samples, it is first necessary hot-mount the samples. Struers CitoPress-30 was

used to mount the specimens. Clarofast and Condofast hot mounting resins were used.

2.2.3. Grinding and polishing

Main aim was to create scratch-free and reflective surface. Tested material was softer, therefore it was
necessary to keep the specimen and the grinding and polishing discs as clean as possible. It was found
that the best method is the Struers method for Copper Bearing Alloys using DiaPro abrasives, see
table 2.2. In the first three steps Silica Carbide (SiC) papers were used for polishing. In the last two
steps polishing pads were used. For the second last step 3 um diamond suspension was used and for
the last step we used suspension consisting of 96% of Struers OPs suspension + 2% of ammonia (25%)

+ 2% of hydrogen peroxide (30%). Samples were cleaned in water and ultrasonic cleaner after each

step.
Step Grinding Polishing
Plane grin. | Fine grin. 1 | Fine grind. 2 Polishing Oxide polish.
Surface SiC foil 800 | SiC foil 1200 | SiC foil 4000 Md-Mol MD-Chem
Abrasive type DiaPro Mol R 3um | OP-S, 0.25um
Lubricant type Water Water Water Md-Mol MD-Chem
Speed (rpm) 300 300 300 150 150
Force (N)/ 25 25 25 25 25 15
Time (sec) 60 60 60 240 60

Table 2.2.: Grinding and polishing procedure.

2.2.4. Sample preparation for TEM

First step in specimen preparation for TEM was cutting on Struers Accutom, where Imm thick sample
was cut. One side of the cut specimen was prepared as described in previous section and the other
one was polished with SiC paper 2000. From this thin specimen were cut discs of diameter 3mm.
Next step was electropolishing on Struers TenuPol-5. Sample was electro-polished from both sides

simultaneously. Temperature during the polishing was -20°. Electrolyte was 4% perchloric acid (1066ml
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of methanol + 44ml of perchloric acid (70%)) and various voltage was applied with various results (see
table 2.3). Electropolishing was stopped automatically by an infrared detector, when the sample was
perforated. Electropolishing time was in seconds to max 50 seconds. After the polishing the samples

were immediately rinsed into the ethanol. Three fresh ethanol baths were applied fast one after another.

Voltage Result
30V small hole at the side
15V — 75V | no hole and after increasing voltage is the hole too big
12V hole on the side
12V hole in the middle - good for TEM

Table 2.3.: Different voltages during electropolishing for TEM.

2.2.5. Sample preparation for XRD and the test program

Specimens were cut using Struers Accutom machine and then polished on SiC paper, so that the height
does not exceed the size of the holder and so that the surface is flat. One sample from each section was
prepared (see fig. 3.2). Also coarse “powder” was prepared by three different methods. First try was
to take the residual material after grinding. Material was full of water, so it was filtered through the
filtration paper and then dried for 5 days. Second try was using a file and third method was powder
which was left after cutting with saw (see fig.2.6). All the powders were further crushed or milled by
hand, but this was not very efficient.

Samples were tested on Bruker D8 advance Eco A25 machine. Program duration for each sample
was 50 minutes. Solid samples were rotating during the measurement and the powder samples were

stable. Diffraction angle was from 0°to 90°.

T

5 Also polished from 3
7 the other side

£ d

Figure 2.5.: Solid samples for XRD measurement - one from sample for each section - XZ, YZ and XY.

2.2.6. Sample preparation for Hardness testing

Three samples for each plane were prepared in the same way as the samples for SEM, so that the
surface is free from anything that can influence the test results. They were cut, hot mounted, grinded,
polished and oxygen polished. One sample from each section was prepared. Vickers hardness method

was used with the loading of bkg for 10s. Distance between the indents was 1 mm and the distance
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Figure 2.6.: Powder preparation for XRD - uppermost picture is grinding and then filtering of the
“powder”. Middle picture is from saw cutting and the lowest picture is preparation using
the file.
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from the edge was more than 10mm. 10 indents were made on each section. Approximate location of

the indents can be seen on fig. 2.7.

Figure 2.7.: Schematic picture of indents on 3 different sections.
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3. Results

In this chapter results of the tests and investigations carried on the Aluminium-bronze samples are
presented. Test and investigations were done on optical microscope, SEM, TEM, hardness testing and
XRD.

3.1. Hardness test

Mean hardness for the section XZ is 51.6 HV5 and standard deviation is 0.84.
Mean hardness for the section XY is 52.3 HV) and standard deviation is 0.94.
Mean hardness for the section YZ is 54.1 HV5 and standard deviation is 0.75.
Measured data are included in the Appendix.

3.2. XRD results

Main goal was to find what phases can be expected in the material. Since the SEM was not available,
XRD results could be good guide for the TEM observation. Comparison of the results with other
papers [34], [35] shows 2 phases - @ Cu and FegAl k. There is a lot of noise. Highest intensities
are for the YZ section (fig. 3.2) but the peaks and noise level are similar for the other samples.
Angles for the disordered martensitic 3 phase was calculated from TEM results and 26 are equal to
50.6°(corresponding to hki=100) and 74.5°(101). That is not exactly where the peaks are on the graph
of fig. 3.1 (49.46°and 73.01°), but the inaccuracy in distance measurements on DP from TEM can
cause difference up to 3°. On the other hand k; phase was not observed on TEM so the peaks are
based only on results from [34].
Angles for a were calculated 42,74°(111), 49,76°(200), 73,03°(220) and 88,5°(311).

Phase | Calculated value [°] | Measured value [°] | (hkl)
« 42.74 42.74 111
49.76 49.62 200

73.03 72.95 220

88.5 88.43 311

B 50.6 49.46 100
74.05 72,95 101

K - 38.38 100
- 44.09 101

- 64.15 200

- 72.95 420

Table 3.1.: Measured and calculated angles for different phases.
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Figure 3.1.: XRD results for 3 solid samples and 3 powder samples
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3.3. Results from the light microscope

On some samples with proper finish and under certain angle, one can observe weld pools with naked
eye (fig. 3.3). These weld pools are harder to find on the LM and with higher magnification it is
almost impossible. At some parts of the weld pools, there are the finer grains in different orientation
just next to the coarser grains with higher amount of aCu phase. This difference could cause different

deflections of the surface (see fig. 3.7). Thickness of the layer is around 0.95mm

Figure 3.3.: A) Photo of the weld pools B) Weld pools on the LM C) Depicted lines of the melt pools
for the picture B)

Welding defects

Multiple samples were examined and one representative is shown in fig.3.4. Area of the investigated
sample was 14.2 mm? and around 550 pores were identified. Size of the smallest was around 2.8x1076
mm? and the largest was 4.2x1072 mm?. Total area of the pores was 1.67x1072 mm?, that is 0.16% of
entire area of the investigated sample. There are no continuous networks of the pores, so the mechanical
properties will not be significantly decreased.

In one case larger weld defect was uncovered (see fig. 3.5).

3.3.1. Micro-structure

Micro-structure investigation with the LM shows that grain size is changing along the surface. In fig.
3.6 typical part of the surface without any porosity is depicted. Approximately 67% of the surface
shown in fig. 3.6 is « phase. Grain size of the « phase is from 0.006mm in length up to 0.07mm. In
fig. 3.6 « is etched white.

Martensitic disordered 3’ is approximately on 32.5% of the surface and the grains are of a needle

shape.
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Figure 3.4.: LM picture of the surface with porosity (black particles). Circular pores possibly from
shielding gas and non circular from scanning faults.

Figure 3.5.: Larger weld defect 21mm x 4mm.
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20 um

Figure 3.6.: Different magnification of weld pool boundary - different orientation and larger amount of
aCu phase is probably causing visibility of the boundary.

Figure 3.7.: White parts of the picture are aCu, dark lamellar are 3’ and dark dots are pores or x1.
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3.4. SEM results

Due to the unsolved defect on UiS SEM, one sample was investigated in Oslo, but the results were not
satisfactory, maybe due to bad preparation. Unfortunately, it was not possible to try one more sample.

Chemical analysis confirms the chemical composition with the one supplied by NAM company.

Map
MAG: 200x HV:15kV WD: 7.4mm

Map
MAG: 200x HV: 15KV WD: 7.4mm

Spectrum: Point

Element AN Series Net unn. C norm. C Atom. C Error

[wt.%] [wt.%] [at.%] [%]
Copper 29 K-series 47421 88.71 #59.9] 79.92 2.8
Aluminium 13 K-series 18732 9.01 9.13 1912 0.4
Iron 26 K-series 1312 0.94 0.96 0.97 Sl

Total: 98.67 100.00 100.00

s/

Figure 3.8.: SEM Surface picture, BSE image and chemical composition from one sample supplied by
Oslo university.

3.5. TEM results

Two out of three expected phases were found. The third one, x is not present very often and together
with sample size for TEM, it is possible that we have not seen it. TEM investigation was carried out
on the as-build sample, XY-section. Most of the surfaces that were investigate belongs to the CusAl
a phase. Dislocations and spherical precipitates were observed (see fig. 3.9). These precipitates differ
according to the Al and Fe content [41] and have average diameter of 68nm, but in this work no proof
of the content was obtained and this should be further investigated.

On the DP, diffusion lines are obvious that are probably caused by these precipitates and ordering
phenomena. Typical surface of a phase is in the fig. 3.10 together with two diffraction patterns.
Average a value calculated from multiple DP is 3.66A.

In fig. 3.11 one can see the martensitic 8’ region and the DP showing the structure of the disordered

martenisite.
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Figure 3.9.: Spherical coherent participates in «Cu phase
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Figure 3.10.: Typical DP for the aCu phase. Right DP belongs to the surface (lower picture). In the
lower picture, dislocations can be observed. Average a value calculated from multiple DP
is 3.66A.
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Figure 3.11.: Surface of the 8 phase together with diffraction pattern. Average a value was calculated
as 1.79A.
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4. Conclusion

Mechanical and micro-structural properties of DED printed aluminium bronze (Al9.4FelCu) were
studied and compared with other present research. Material was printed in two thicknesses 0.9mm
and 1.5mm and no heat treatment was applied. During the work some samples with larger pores were
found, but mostly the structure was only with small amount of porosity. All the material supplied was
a scrap material, the bigger cracks might be the reason, why it was not used as a final product.

Hardness of the Al-bronze was measured in all three planes. Average hardness was 52.6 HV5.
Maximum hardness was in the YZ plane and the minimum hardness was in XZ plane.

Multiple samples were studied with the light microscope and the grain structure and composition
was compared with the existing papers. Considering fast cooling rates during DED and chemical
composition, it was concluded that three main phases should be expected. Largest portion of the
surface - 67% - is the « phase. This FCC Cu phase is white etching and for slower cooling rates
decompose into (. Lattice parameter was calculated to be 3.66A, which is more than expected (3.64A)
but the calculation was made from *.jpeg files and that can bring some inaccuracy.

Second phase that is present is the /. Al content and cooling rates strongly affect type of 3 phase
that is created. In our study BCC disordered martensite with lattice parameter a equal to 1.79Awas
found. This phase is of a needle shape and is dark etching.

From the XRD results and literature also x phase should be present in form of FesAl precipitation
that are in o and (8 but it was not seen/confirmed on the TEM. It was maybe observed on the LM as
black dots. The 2 was not observed.

During the TEM investigation, multiple precipitates and dislocations were observed. Dislocations

were mainly in « phase and were caused by stress introduced during the cooling of the material.

4.1. Future work

It was not possible to obtain or produce material for further testing of mechanical properties, but tensile
and other mechanical test for samples printed in various scanning directions would be recommended.

Micro-structural properties should be further studied using scanning microscope. That will help
to investigate grater surface of the structure. Elemental chemical composition analysis using energy-
dispersive X-ray spectroscopy (EDS) could bring great results. Observation using electron-backscatter-
diffraction (EBSD) maps would show grain size, grain orientation and grain boundaries.

During the TEM analysis multiple precipitates in both « and § phase were observed but remain
unrecognized. Information from SEM analysis might bring necessary information that would help with

describing these precipitates.
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A. Appendix

- . 0]
mrl I kon Inspection Certificate
EN 10204 - 3.1

metco
Oerlikon Metco Europe GmbH
Spreestrasse 2
D-65451 KELSTERBACH
Phone: +48 6142 6033 0

Nordic Additive Manufacturing AS Fax:  +40 6142 6033 400

BG 100

Raufoss Industripark Shipping Doc/Date Page

2830 RAUFOSS 800584340 [ 17.12.2019 1

NORWEGEN

Customer PO: Sture H Sorli

PQ: 200341634

Product: 1000330 METCO 51NS POWDER 5#
Quantity: 45,000 LB

Lot No: 490819

Inspection
Characteristic Method Value Unit
Chemical Analysis
Al ICP-0E Gen. Procedu 9,42 WT%
N IGF 0,005 WTY%
Cu Balance 89,38 WT%
Fe ICP-OE Gen. Procedu 1,10 WT%
T.A.O. ICP-0E Gen. Procedu <0,10 WT%
o] IGF 0,041 WT%
Sieve Size
+100 mesh (150 um) ASTM B214 (SIEVE) 0,0 WT%
+120 mesh (125 ym) ASTM B214 (SIEVE) 42 WT%
=120 +325 mesh ASTM B214 (SIEVE) 94,8 WT%
=100 +120 mesh ASTM B214 (SIEVE) 4.2 WT%
-325 mesh (45 pm) ASTM B214 (SIEVE) 1,0 WT%

Approved Specifications:

BS0TF161-58 CI. A Supplier Code 59090
MSRRO507/24 Issue 2

DMR 33-046 Indice A

Material was tested and released by Oerlikon Metco (US) Inc., Troy, MI unless otherwise stated.
Trace element analysis and any required metallurgical analysis is performed by a qualified Nadcap approved laboratory. Any

element reported as less than 50 ppm is considered as a trace alement except for Carbon, Sulfur, Oxygen, Nitrogen and Hydroger
Details available upon request.
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Figure A.1.: Certificate of the powder used for the production of the tested samples.
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Figure A.2.: Results of the Vickers hardness test - load 5kg for 10s.



