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Abstract. Known from the beginning of the eighties, additive manufactu-
ring (AM) was seen as an alternative to the more traditional manufacturing
technologies because of its advantages, such as absence of tools and fixtures, the
possibility to produce complex, even hollow forms and a short delay between
design and obtaining the part. Limited until recently mostly to low fusion point
materials and to rapid building form prototypes or mock-ups, its potential use
was extended to building solid parts, from high fusion point materials, such as
stainless steels, refractory and Titanium alloys, due to recent developments in the
field of high power, high efficiency fiber or diode lasers the density of energy
available in the work area increased, allowing now higher productivity.

Keywords: additive manufacturing, direct laser deposition, cladding,
materials, process control, artificial intelligence techniques, rapid prototyping.
1. Introduction

Additive manufacturing is a group of technologies, which might one
day change our way of manufacturing products. The basic principle of this

: Corresponding author; email: victor-dorel.calatoru@polymtl.ca
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technology is to build parts by deposing fused metal on a support, from powder,
wire or other form of raw material to build from. Though laboratory uses of
these technologies abound, real life applications are still reduced in number, due
to lack of repeatability of the results mostly. Several application areas are
already seen as feasible and efforts are put into researching this field, most
notably rapid prototyping, rapid tooling, rapid manufacturing and repair and
feature addition (Powers et al., 2007). Depending on various aspects of the
technology used and trademarks, there are many alternative names for the
technologies belonging to this group.

2. Specificities of Additive Manufacturing

A strategic report issued in December 2012 by the National Intelligence
Council and called “The Global Trends 2030: Alternative Worlds” predicts that
by 2030 additive manufacturing and 3D Printing will advance beyond their
current functions of rapid prototyping and repairs in the automotive and
aerospace industries to the area of mass-produced components and high value
products, to offer on a larger scale mass customization and reduction of
inventories, changing the fabric of industrial societies in both advanced and
developing economies all over the world and bringing unforeseen economic
advantages to those who wield it well (NIC, 2012).

Unlike other technologies that reached a stability level through decades
of gradual improvements, with rare major breakthroughs, the additive
fabrication tree of technologies is quite new and amenable to major
improvements or new evolutions. Several variants of the technology introduced
commercially were more or less viable once on the market (Unocic et al., 2003).
There are several technologies that attained a certain degree of recognition by
the industry and serve as basis for experimentation.

The evolution of additive or layered manufacturing, by deposing
successive layers of material on a support, did not reach its full maturity yet.
Limitations in the power available in the work area, made it impossible to build
fully solid parts, with porosity limited to at most 1-2 % by volume. Several
variants of the process for porous parts or needing further steps to solidify them
were available long ago and still continue to be used to produce “less-than-
solid” parts by sintering (Lappo et al., 2003), followed optionally by infiltration
with a second, lower fusion temperature metal, to fill in the empty spaces
between grains (Hoffmeister et al., 2001). Far from being outdated,
technologies allow fabrication of composite-like alloys, combining for example
the mechanical properties of stainless steels with the thermal conductivity of
brass in the construction of injection molds.

The taxonomy of AM group of technologies is quite complex. This is
due to several factors that can differ from one variant to another. A brief
classification of these processes is presented further.
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* LENS (Laser Engineered Net Shaping) [Pinkerton et al., 2003] is one of the
first full metal laser deposition technologies, using metal powder injection for
bulk parts repair, thanks to extremely powerful lasers used, being still
representative for the technology. It also allows for multiple powder feeders to
be adapted, in order to obtain functional gradient materials. Derivate forms of
this process include SSS (Solid State Sintering) and SLM (Selective Laser
Melting), differing by the temperature of the process (Lappo et al., 2003).

* For porous parts, the SLS (Selective Laser Sintering) process is mostly used,
since it allows for fabrication from any metal available in powder form
(Hoffmeister et al., 2001).

Several other companies produce laser deposition machines or
components, among them, Optomec (USA), which uses the LENS process to
produce parts with surface roughness in the range from Ra = 12um to 25 pm,
EOS (Germany), which produces mostly powder bed systems for the SLS
technology and Arcam (Sweden), featuring a powder bed system, equipped with
an electron beam (Milewski, 2000). In Canada, the company Liburdi, based in
Dundas, Ontario currently sells cladding machines for repairs of turbine blades.
In Europe, in particular in Germany, the interest for this technology is high.
Some of the most used injection heads both for cladding and for welding are
manufactured by the German company Precitec Group or by Fraunhofer
Institute and by the French company IREPA Laser. There are also several
independent research groups that developed their own proprietary injection
heads all over the world.

2.1. The Source of Energy

In order to fuse the particles together or to melt them completely to
form a solid block, high amounts of energy are required. Several sources of
energy can be used. Lately, as mentioned earlier in this paper, the use of a laser
beam seems to be the privileged way, because of the multiple advantages it
offers.

Actually, it is the recent advances in laser technology which increased
the interest for additive manufacturing, because until recently, the cost of
energy as delivered to the part, which was the main component of the cost of
manufacturing, was prohibitive. If the conversion efficiency of CO, lasers is
limited to several percent of the electrical input power and that of the Nd-YAG
is even lower, the diode lasers have a conversion efficiency of up to 60 %
(Coherent, 2010) and the fiber lasers are even more efficient, at 70-80 % of the
electricity transformed into beam energy (Kruth, 2004). Apparition of solid state
lasers, mainly laser diode and fiber lasers cut the cost of energy delivered in
multiple ways. First of all, the efficiency of the laser increased dramatically.
Fig. 1 shows the variation of the output power and efficiency for a typical diode
laser. We can easily observe that the efficiency increases with the current,
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reaching the 60% plateau for currents of about 120 amps, which is excellent for
high energy applications, such as AM. A compact module can deliver typically
around 100 watts, and be grouped in compact packages delivering 1 kW of
beam power. Another dent into the cost is caused by the lower maintenance
costs, longer lifespan and lower need for complex cooling systems. Other
benefits are the possibility to quickly adjust the power output of the module, in
the range from 10% to 100% of the nominal power of the module, which could
prove to be the most critical parameter in optimization of the process control.

Fig. 1 — Efficiency and output power variation as function of the
current absorbed from the power supply for diode lasers (Kruth, 2004).

Apart from laser, electron beams were used to manufacture parts from
metal powders, the most successful implementation being the one of the
Swedish company Arcam (Milewski, 2000). The use of electron beams has
some advantages, such as the possibility to modulate its intensity and the
possibility to focus or spread the beam as needed, but it also has a major
disadvantage, the process requiring a vacuumed enclosure, which is costly and
adds to the time of manufacturing. Another inconvenience is that the vacuum
limits the process variants to powder beds, the projection of powders being
impossible in these conditions. Ultimately, by using a vacuumed enclosure, the
quality of the parts is better, since the oxidation and the nitration of the part do
no longer occur and the heat dispersion is lower. Even the lasers used can make
a difference in the results. Generally, the higher the power delivered, the better
are the results, at least from the point of view of the productivity. However, in
practice, other characteristics were found to be important, such as the frequency
of the radiation emitted and the ability to control the output of power or to
deliver that power in pulses with controlled frequency and duration.

2.2. The Technologies Used

Another important factor that differentiates the construction of the parts
is the way the raw material is fed to the energy source. If we use powder, then
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two different technologies are used currently 1) the powder bed technology and
2) the direct injection of the powder into the beam. The first technology is
recently dubbed as 3D Metal Printing, as it is very similar to previous processes
where form prototypes were built from starch or talcum powder after being
selectively infiltrated with an adhesive with an installation similar to an inkjet
printer. A schematic installation is presented in Fig. 2 (Zhoua, 2012). This
process has the advantage that the layers are of equal thickness, the beam
sweeping the surface of the powder bed more or less uniformly. The
disadvantage is that more is needed to be available to the machine at fabrication
time and not all the excess powder can be recovered. This is due to the fact that,
usually, the powder bed is preheated to a temperature close to fusion point, and
the laser or electron beam brings in only the quantity of energy required for
fusion. The parts are thus more uniform, as they cool down embedded in a large
enough volume of powder and thus the heat evacuates gradually.
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Fig. 3 — Powder bed technology used in selective laser sintering (Zhoua, 2012)

The second option is the direct deposition, when the metal powder is
injected directly into the work area, where the laser beam melts the surface of
the part, creating a melt pool. The smaller quantity of powder required, though
there’s a certain loss associated with this process too, is lesser and, because of
rapid and non-uniform variation of temperature, the metallographic structures
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Fig. 2 — Direct Laser Deposition by injection of
metal nowder into the melt nool (T.ion. 2007)
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produced trend to be anisotropic, as resulting from hardening or tempering,
depending on the alloy (Liou. 2007). By using correctly the anisotropy of the
clad, increased mechanical properties could be obtained. However, the
manufacturing process needs a complex strategy, associated to a CNC system.

2.3. Advantages and Drawbacks of Additive Manufacturing

AM is a versatile process, allowing to build complex parts, with
internal cavities, by a process that does not require complex preparations. By
choosing an appropriate strategy for building the part, the inherent anisotropy of
the direct deposition process can be used to obtain parts with increased
resistance in the main stress application direction. Limitations in the resolution
of the built parts are caused by the size of the metallic alloy grains used and by
the imperfection of the laser beam, in terms of uniformity of distribution of
energy across the section of the spot projected on the part. These factors allow
that incompletely melt metallic grains, partially welded to the part, stick out of
the part’s contour, requiring supplementary finishing of the part, usually by
machining. Another issue with this technology is represented by residual stress
due to high temperatures, which can be a cause of deformation of the built part.

2.4. Mechanical Properties of the Built Parts

Table 1 presents a comparison of mechanical properties of several
alloys used commonly in aerospace industry, deposited by a LENS machine and
the same material as obtained from annealed solid blocks. We can easily notice
that for all the three materials mechanical characteristics are considerably better.
However, these characteristics are difficultly reproduced during commercial
application of the process or even in laboratory tests, a major block to increased
use of additive manufacturing technologies in industry (Coherent, 2010).

Table 1 — Characteristics of several materials used in aerospace industry, in common
wrought or annealed form and as deposited by LENS process

Material szitr';?];i I&n;!)e Yield Strength (MPa) Eslgnngﬁl?;) |)n
LENS 316 Stainless Steel 799 500 50
316 SS Annealed bar 591 243 50
LENS Inconel® 625 938 584 38
Inconel 625 Wrought, at 870°C 285 275 125
Inconel 625 Wrought, at 20°C 827 414 40
IN 625 Annealed bar 841 403 30
LENS Ti-6A1-4V 1077 973 11
Ti-6Al-4V Anncaled Bar 973 834 10

The main limitation to the application of additive manufacturing
technologies is the lack of control the results of the process. Building simple
test samples is easy, but building complex parts produces unpredictable results.
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2.5. Laser Wavelength

The radiation spectrum of the lasers extends from the far infrared, with
wavelengths of around one um for the Nd-YAG, to around 10 pum and further
into the visible spectrum or even in the UV domain for specific applications.

The choice of the right type of laser is made in conjunction with the
absorption properties of the material to be used. The wavelength being fixed,
the only way to adjust the input of energy into the process is to control the
power of the laser beam, which is not possible for all the types of lasers.

HPDDL (.81 pm CO, (10.6 pm
100 (.81 pm) , (10.6 pm)

o
o

Absorption (%)
B
(=]

2]
o

ha
o

1
1
1
1
1
i
1
1
]
1
1
1
1
1

Alumjnum

|} 1
00.6 o8 2 4 6 8 10 12

Wavelength (pm)
Fig. 4 — Absorption ratio as function of wavelength of the laser beam
(High Power Laser Diode and CO,).

While using a powder injection system, the powder particles would
cross the laser beam, producing supplementary reflection of the beam and
changing the temperature at the level of the melt pool. Fig. 4 (Coherent, 2010)
presents the absorption ratio for two common materials — carbon steel and
aluminum — as function of the wavelength of the laser beam used.

3. Challenges of Additive Manufacturing

As noted before, additive manufacturing is still growing to its
technological maturity. Even if at the level of the metallurgical process a good
repeatability and stability could be reached, there are more challenges in the
control of the process aspect to be solved. Most of the researches still focus on
building and characterizing simple form samples, but since the main advantages
of the technology reside in the creation of complex forms, with little excess
material deposited, the machines’ control system needs also to be addressed.

3.1. Complexity of the Part

Both when using a powder bed system or a powder injection system,
when building a complex part it is expected that process conditions vary largely
due to the shape of the part. The principal elements that can vary are the
thickness of the substrate, the width of the path, the existence of voids in the
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form and the proximity of an edge. The main factor that could influence the heat
input is the variable speed of the laser beam sweeping the surface of the part.
This variation is unavoidable, since all driving systems that could be used, such
as CNC machines or robots would need a certain distance to accelerate and
decelerate the mechanical assembly. In fact, the complexity of parts to be
manufactured is an unavoidable aspect of this technology, since its main
advantage is producing complex shapes.

3.2. Changes in the Speed of Laser Beam Swiping On the Surface

Keeping the temperature constant in the melt metal pool area is
necessary in order to produce consistent results. The most important factor to
achieve this goal is to maintain the heat influx, produced by the laser beam, as
constant as possible, supposing that other factors are constant too. Several
factors can alter the energy influx in the pool area, and among the most
important ones is the speed at which the laser spot swipes the part surface. This
aspect is very important when the density of energy of the laser cannot be
varied, as too little energy would cause the clad to remain porous or decrease
the thickness of the clad, because of incomplete melting of the metal powder,
and a density of energy too high would cause the part to collapse locally or even
evaporation of components with lower fusion points. If metallographic
structures in the metal powders are to be kept, overheating them will destroy
those structures first. If the nozzle of the deposition system does not allow an
adjustment in the flow of powders, metal powder will be propelled in excess in
the work area, causing local deformations.

The main cause of these variations of speed is the inherent limitations
of the control mechanism of the machine or the robot used, as inertia limits the
maximal accelerations and decelerations of the injection head. In order to
compensate the variations in the density of energy of the laser spot on the
surface, the use of diode lasers and fiber lasers that allow an adjustment in the
intensity of the beam is recommended. For more conventional high power
lasers, such as the CO, or the Nd-YAG lasers, where the beam intensity cannot
be adjusted, the use of optical systems that allow defocusing the beam could be
a solution. However, by defocusing the beam, the resolution of the
manufacturing system is affected and in both cases the debit of powder has also
to be adjusted, to limit the unwanted ‘cold’ deposition of powders and waste.

3.3. Interaction between the Beam and Environment

Apart from density of energy variation caused by speed variation, there
are other factors that affect the uniformity of the clad, by diminishing the
available fraction of the laser power that hits the surface of the part.

Given that most of the buses have the channel for the beam coaxial and
the nozzles are disposed around that channel, with projected powders
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intersecting the beam, at very short distance from the surface of the part, splatter
of molten metal would stick to the laser beam guide and nozzles, blocking the
beam and/or the powders to reach the melted metal pool, as seen in Fig. 5.
Modern designs of the injection heads extend the normal operation duration by
cooling the front of the head and by using copper shields to prevent welding of
hot metal particles to the exit of the beam channel and nozzles.

Objective lens
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W:e:;bk&: beam :;)9

Plane of / ‘_

outlet nozzle

109 mm (substrate standoff)
127 mm

Powder stream
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Fig. 5 — Schematic diagram of the laser beam path and coaxial
powder flow below a laser deposition head (MERLIN, 2012).

Other factors that could change the intensity of the beam’s useful
fraction are absorption of radiation by metal powders that do not reach the
deposition surface after being heated, the quantity of radiation reflected by the
grains or the part’s surface and the absorption of radiation by smoke, vapors or
dirt accumulated on protective filters at the exit of the channel. The need to
verify often the status of injection head is, in a certain extent, addressed by the
use of infrared cameras that monitor the state of the nozzles and beam channel.

3.4. Changes in the Orientation of the Metal Powder Jet or Change
in the Distance between the Nozzle and the Deposition Surface

When a powder injection system is used to build complex parts or to
add features to existing ones, potential problems may arise because the relative
position of the deposition head change continuously.

For smaller parts it is easier and to bring the part to a fixed position
laser injection system, but for larger or heavier parts, the deposition head should
change position around the part. Gravitation and/or variable inclination of the
injection head affect the distribution of powder particles over the melt pool area.
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Fig. 6 — Laser metal deposition from wire.

Another aspect to consider is that the part inclination where the melt
pool forms should be limited, to prevent the melt metal to drip. This requires a
different control strategy than for the classical CNC machining. Other in-
process sources of variability, needing constant monitoring and adjusting are the
changes in the flow of gas and particles, due to jamming of the nozzles. The
powder flow is difficult to regulate, as both gas pressure and gravity concur to
that, and control systems cannot fit easily close enough to the nozzles to be
efficient. Regulation loops based on optical recognition of particle flow could
be a possible solution.

3.5 Potential Interactions at the Border between the Support and Part Built

By building a part or a feature of a part from powder we should
consider potential issues that may arise from this construction. First of all, we
should distinguish between the previous cases presented above, especially when
the support on which the part will be built is made of a different material than
the deposited one. In this case, thermal dilatation is certain to occur at the
deposition of the first layers of the part to be built. Depending on the proprieties
of the support material, the support could warp, distorting thus the part to be
built. Another aspect is the cooling down of the support and the first layers,
once enough matter has been clad upon. Contraction of the support to its
original dimension would be limited by the deposited material, creating
important stress in the part built. Depending on the high temperature properties
of the part’s material and on the adherence of the part material to the support,
one o the following issues might occur: 1) the part will detach from the support
before the completion of the task, 2) developing stress at the interface between
the support and the part will distort either the part or the support, causing
misalignment between the piloting system and the injection head, leading to a
distorted part either during cladding or at separation from the support, 3)
microscopic cracks would develop in the finished part compromising its
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integrity. Same situation might occur when alternate layers of different
materials are deposited, to create parts with special properties or even at the
grain border in the functional gradient materials.

Strategies to avoid the above mentioned problems include a good match
between the material of the part to be built and the support, design of supports
that are either very robust or that could compensate the variation in form or size
caused by intense heating. Preheating the support prior to deposition reducing
the stress, since both the part and its support will heat and cool in tandem.
(Fessler et al., 1996) propose a technique of building a solid part from small
towers of clad, joined only at the base and allow free relative displacement at
the top. The large surface area to volume ratio allows the clad to relax while it
cools. Then the patches created in this step will be stitched together in order to
form larger features, while they are strong enough to withstand the stress
induced by the smaller bridges built between. This technique can reduce the
deformation of the part by a factor of three, as compared with the standard
method.

3.6. Variability in the Powder Structure and Condition

Metal powders for additive manufacturing of for powder metallurgy are
produced through several different processes. The characteristics of the particles
vary largely. The main factors influencing the quality of the clad are: the form
and the size of the particles, the type of surface the particles present, presence of
oxides, of other impurities and humidity. We will discuss briefly the influence
of the above mentioned parameters on the results.

The shape of particles is very important, since it will affect, among
other aspects, the uniformity of the flow of powder, the way the particles stick
to the surface of the melt metal pool, with a direct influence on the porosity of
the part manufactured and the amount of original structure that would remain,
after the particles are aggregated. Depending on the specific quantity of heat in
the work area, the particles could be reduced to liquid phase only, or they might
keep a nucleus which keeps the metallographic characteristics of the powder.
This situation is beneficial in many cases, not only because of the energy
economy, but because the powder generally has a finer grain structure, which
could be transferred to the manufactured part. In the case where the original
metallographic structure of the particles should be kept, another aspect that
needs to be controlled is the presence of cavities in the metal particles, as these
voids will be preserved in the part, increasing the porosity of the material.

During researches on metal powders, high variability of the results has
been observed due to humidity in the powder. Given the dimension of the
powders, raging between few um and tens um of in diameter, the presence of
water vapors could be significant, affecting the quality of the clad by oxidation
and by formation of voids.
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Another issue affecting the results is the optical properties of the
particles, as this will influence the way the laser beam passes the energy to the
substrate. The injection of the powders is made directly into or close to the laser
beam, so a part of the energy is reflected by the grains that will cross the beam.

4. Matching Al Techniques with AM Challenges

Due to the complexity of the phenomena taking place in the melt pool
area and to subtle interdependence between different factors, it is very difficult
to build an equation or a set of equations modeling all the technical parameters
of laser deposition equipment. Many of those influences are non-linear and the
variables are not independent. For example, while the NC axis of the machine is
decelerating for a change or reversal of direction, increasing the density of
energy of the laser, as it sweeps slower over the surface. When this change
occurs once an edge of the part is reached, the heat absorption into the part
decreases, as there’s less metal to which this energy is passed. Considering the
fact that the flows of the propelling and protective gases are disturbed due to the
change in geometry, and that a larger fraction of the metal powder is lost as its
flow is deflected by the edge, we may realize that no equation can take into
account all these changes simultaneously. However, there are several aspects
that can be handled by various Al techniques, which will be presented further.

Traditional rule based expert systems can store significant amount of
rules that could be applied to the control of the motions of the machine. Thus,
sets of rules can be built from the geometry of the part to be built to determine
the best approach to minimize the deformations of the structure, to increase
productivity or to improve mechanical properties through directed anisotropy.

In a context where influences of certain factors are not completely
known or even understood, the use of fuzzy systems can allow the superposition
of non-linear influences from independent factors to determine expected results.

Both of these approaches appeal more to the operating and controlling
the system than to the full understanding of the underlying principles, fuzzy
systems allowing a kind of interpolation of the factors in order to enable
generation of a solution where no rule is clearly applicable. This technique has
the advantage that it can be embarked in small dedicated controllers directly on
the machine, allowing to decentralize and simplify the main control system. An
example would be the rapid adjustment of metal powder flow to keep pace with
the speed of the injection head in a way that would keep the deposition rate
constant, all over the surface of the part or embedded controllers that would
adjust the intensity of the laser beam. These systems can be programmed and
work independent of the main control algorithm of the workstation.

Because neural networks need a training phase before they can fully
deliver the accumulated wealth of information, it is more practical to use them
in conjunction with automated data sources, such as cameras and laser scanners.
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One advantage of this approach is the adaptive learning ability and self-
organization, allowing the user of direct laser deposition equipment to set the
goals and leave it to the machine to adjust the work parameters in order to attain
the prescribed values. However, this approach can only apply to real-time
measurable aspects, such as net deposition rate, based on volume changes
between layers or temperature profile of the melt pool, which can be an
indication of the resulting metallographic structure, but with no possible direct
confirmation during manufacturing and assuming that a good balance between
speed and quality is provided by neural network’s design. Last but not least, the
high level of redundancy of the data can produce good results, even if data are
partially discarded or corrupted by irregularities in the data acquisition system.

5. Conclusions

The development of the additive manufacturing technologies group
reached a point where mechanical properties for solid, full density parts make
the application interesting from industrial point of view. Each week several
articles are published on evaluation of mechanical properties for different
alloys, common and exotic. Several companies are currently producing and
selling machines and powders for AM. However, there is no sign of large scale
application of this technology. The reason for this situation is that, while
building standard samples for testing does not pose a problem, the phenomena
taking place during the deposition of successive layers of metal, rapid changes
in the local conditions at the metal pool and the variability factors in the
deposition area cannot assure perfectly repeatable mechanical characteristics for
all the parts, let alone the possibility to standardize the process parameters, as it
is already done for traditional manufacturing.

In order to eliminate the costly trial and error in manufacturing solid
metal parts with the help of AM technologies, the present paper traces some of
the sources of variability of the process and proposes adequate tools for several
aspects which are still difficult to control.
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CERCETARI PRIVIND UTILIZAREA POSIBILA A TEHNICILOR DE
INTELIGENTA ARTIFICIALA IN CONTROLUL SISTEMELOR DE FABRICATIE
PRIN APORT DE MATERIE PENTRU MATERIALE METALICE

(Rezumat)

Lucrarea prezinta cateva aspecte referitoare la fabricarea diferitelor piese prin
depunere directd de metal cu ajutorul laserului. Aceastd tehnologie este de mare interes
pentru fabricarea componentelor mecanice complexe, dar controlul dificil al procesului
de fabricatie limiteaza aplicabilitatea la realizarea de piese relativ simple si efectuarea
de reparatii, datoritd slabei repetabilitati a rezultatelor, printre altele. Sunt enuntate
principalele surse care contribuie la dispersia rezultatelor si sunt identificate tehnici din
domeniul inteligentei artificiale care pot contribui la fiabilizarea acestora.



