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Abstract 

This thesis is focused on achieving materials with non-equilibrium struc-

tures fabricated by high-energy laser sintering. The chosen precursor materi-

als have rigid and inert structures like high-melting point ceramics or metals. 

It was necessary to use real-time monitoring of temperature and spectrum 

profiles for selecting the optimal laser parameters for the laser sintering pro-

cess. This monitoring was done by an off-axial setup that also controls the 

surface morphologies during the laser irradiation process. The laser focal 

spot receives very high temperatures and subsequent extreme cooling rates 

within a short time period. New non-equilibrium structures will emerge ruled 

by kinetics, huge temperature gradients or stresses and freeze by quenching 

in solid state. These material structures were found to form at different 

length scales from nano- to macro-level, frequently by a hierarchical order-

ing. This opens a method to engineer materials with both hierarchical and 

non-equilibrium structures by a single operation in both metal and ceramics 

by laser sintering. In the Co-Cr-Mo alloy system, structures on three levels 

of lengths were observed, namely i) nano-level structures dominated by the 

grain boundary segregation; ii) micron-level structures characterized by the 

interlocked clusters of columns; and iii) macro-level structures defined by 

the selected laser scan patterns. The non-equilibrium structures of the Co-Cr-

Mo alloy are related to mechanical, corrosion and bio-compatibility proper-

ties. In ZrO2 ceramics, the final product had a non-equilibrium nano- and 

micron-sized structure created by uneven absorption of laser energy and 

rupture. The structure inside the micron-sized grains is formed through or-

dered coalescence of nano-crystals. Properties of the laser sintered materials 

were established and related to the observed structures. The materials prop-

erties might be tailored by controlling the structures in different levels and 

potential applications of the new materials will be given. 
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1. Introduction 

This study regards the use of LASER or today normally written as “la-

ser” from the abbreviation of Light Amplification by Stimulated Emis-

sion of Radiation.
1
 The use of lasers in a number of common technical 

applications has changed the daily life for us. In some cases the laser is a 

vital part of a recorder, for instance, reading computer discs (CD) or digi-

tal video discs (DVD), but as the component is hidden we don’t see it.
2
 In 

other cases, the term “laser” is exposed as the “wonder medical trick” to 

get rid of skin defects.
3
 So the use of a laser has become accepted as one 

of the existing technologies. Normally we do not consider that laser is an 

energy pulse of electromagnetic radiation, i.e. a pulse of concentrated 

energy. Depending on factors like the laser radiation wavelength and 

effect of the laser source, this energy can be controlled. An equally im-

portant factor is the selection of laser source to achieve an effective inter-

action with the material it illuminates.
4
 In recent times, as development of 

laser equipment has been accelerated, high-energy lasers have become 

available and been used in industry for manufacturing of plastic or metal 

components of complex shapes.
5
 The use of laser for solidifying ceramics 

is much more complicated and this use has just emerged.
6,7

 The term “la-

ser sintering”, when used in this thesis, is an empirical term which in-

cludes solid state sintering, liquid phase sintering or partial melting and 

melt-solidification processes. In this thesis, the state of the art of laser 

sintering of high-melting metals and ceramics will be exemplified and the 

monitoring methods to set proper sintering parameters. Of special interest 

are the non-equilibrium high-temperature phases and microstructures 

created by laser sintering and retained to ambient temperatures. 

 

 

1.1 The additive manufacturing method 

 

Additive Manufacturing (AM) is a process of building up three-

dimensional (3D) solid objects of virtually any shape from digital design 

data.
8
 In great contrast to the traditional fabrication methods, using re-

moval of material by cutting or drilling, the AM is a bottom-up approach 

which builds up a component by adding material in a layer by layer man-

ner. As a replacement for AM, the term “3D printing” has become a more 

popular term to describe the process.
9
 

The concept of AM, however, was described as early as in the 1980s 

and the first AM machine was created by Chuck Hull of 3D Systems 

Corp in 1980s.
10

 With the growth of the market a lot of special AM pro-
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cesses have been developed, e.g. selective laser melting (SLM) or direct 

metal laser sintering (DMLS).
11,12

 Other similar processes are electron-

beam melting (EBM), fused deposition modeling (FDM) and Stereo-

lithography.
13,14,15

 The applications of AM methods involve industrial 

design comprising architecture, engineering and construction (AEC). It 

has found use in a vast number of fields like automotive, aerospace, mili-

tary, civil engineering, dental or medical industries fields.
8
 In fact, many 

solid materials can be formed by using a 3D printing concept. As results, 

more and more economists have mentioned AM as a driving force for the 

“Third Industrial Revolution”. 

 

1.2 The laser sintering technique 

 

1.2.1 Laser sintering  

 

The laser sintering belongs to the AM group and is one of the more 

promising techniques. Initially laser sintering was established as a visual 

prototyping tool, but the technology has developed rapidly and it is now 

widely accepted for industrial manufacturing.
5
 Laser sintering has an 

advantage of preparing 3D net-shape parts in one single operation. Laser 

sintered components can be made of a variety of solid materials, such as 

plastics and metals. In addition, laser sintering enables production of 

special components that are difficult or even impossible to make by other 

conventional technologies.
16

 During the early development period, laser 

sintering was focused upon achieving good process abilities, shape con-

trol and consistent material properties to meet the demands of aimed con-

sumer applications. For this purpose, new precursor materials were de-

veloped to fit the laser sintering process.
7,17

 

Sintering can be classified broadly into three categories depending on 

the sintering mechanisms, namely solid state sintering, liquid phase sin-

tering and partial melting or melt-solidification.
18

 Solid state sintering 

refers to a thermally activated material transport to reduce the high sur-

face energies of aggregated particles.
19,20

 It is a slow process and occurs 

at temperatures well above 50% of the melting temperature (Tm) of the 

concerned material. By laser sintering the solid state reactions have lim-

ited time to act and are less central.
6
 Instead, at the laser focal spot the 

precursor begin to melt and form a confined melt pool. The melted phase 

formed between adjacent close-packed particles would initiate a capillary 

force that will merge particles together.
21

 The melt also form a rapid way 

for material transport and liquid phase sintering.
22

 It should be stressed 

that laser sintering is a complicated process and, in real practice, it is 
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difficult to distinguish between different solidification mechanisms.
18

 The 

laser sintering is also of highly dynamic nature and local conditions might 

vary widely within short distances during the rapid laser scanning. Sur-

rounding materials, warmed by the thermal flux, might have a limited 

solid state sintering that has little influence compared to the liquid phase 

sintering or melt-solidification mechanisms. The preferred mechanism 

could be manipulated to some extent by adjusting the laser sintering pa-

rameters like intensity and interaction time.
23,24

 In addition, the powder 

granules should be chosen with a strictly homogeneous composition to 

avoid local Tm variations that might give an undesirable inhomogeneous 

microstructure.
6
 

 

1.2.2 The laser sintering system 

 

The market and applications of laser sintered products have increased 

during recent years. This growth has been strongly supported by the de-

velopment of several laser sintering systems that enable computer aided 

construction of complicated 3D bodies made of plastics and metals.
25,26,27

 

Attempts to use laser sintering for processing other materials, such as 

ceramics and glasses, are under way.
28,29

 

 
 

Figure 1. A schematic illustration is given of the layout of a laser sinter-

ing system. The laser beam scans upon the surface of the formed compo-

nent (black) on the middle table. 

 

In general, a laser sintering system consists of a laser source, a laser 

scanner, a powder loading unit, a building plate and a gas flow controller, 

see Figure 1. The laser scanner is monitored by a computer which con-

trols the scanning track. Repeatedly, a laser beam is scanning over a new 

single layer of packed powder granules and consolidating them to each 

other and a previous consolidated layer. As the laser beam moves quickly 

the process involves both a very rapid local heating and a subsequent 
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rapid cooling. Lasers with different wavelengths are selected to match the 

absorption characteristics of the corresponding powder granules. There 

are two types of laser sources that are commonly used for laser sintering. 

One is a continuous wave CO2 laser with a wavelength of 10.6 μm, which 

is particularly suitable for processing thermal curing plastics. The other is 

a continuous wave ytterbium fiber laser with a wavelength of 1.1μm, 

which is commonly used for processing metals.
30,31

 The q-switch pulse 

ytterbium fiber laser is another popular choice.
32

 

The laser power, scanning speed and laser beam diameter determine 

the laser power density. The laser sintering process can be performed in 

vacuum or atmospheres such as argon, air, oxygen and nitrogen or mix-

tures thereof. There are two ways for powder loading and one is shown in 

Figure 1, where the powder is filled by a moving recoating blade. Powder 

granules with spherical shape are favorable for better fluidity.
6
 Another 

technique uses a metal cylinder as both intermediate powder reservoir 

and rake blade. The metal cylinder is equipped with a piston that has a 

function of compressing the powder granules.
33

 The latter feeding tech-

nique has less demand on powder fluidity and allows also the use of slur-

ries.  

 

1.2.3 The application of CAD and CAM in laser sintering  

 

The terms CAD and CAM refer to Computer-Aided Design and Com-

puter-Aided Manufacturing, respectively.
34

 The possibility to create very 

complex parts, with a lot of internal structures and details, is a fascinating 

feature. The CAD design is essential for exploring these possibilities by 

careful computing that includes the practical limits of laser sintering in 

the model. Different types of lasers have different practical resolution of 

the laser beam spot, for instance. Other parameters in the CAD design are 

the known material interactions with the laser radiation and the materials 

inherent properties like thermal conductivity and thermal expansion. The 

shrinkage of the precursor granules during sintering must also be consid-

ered, often from empirically determined data.
7
 

The CAD software will make an exact model of the solid body and its 

surface and store a matrix of geometric parameters in a standard file for-

mat. Used software creates a mesh of very small triangles wrapped 

around each detail of the computed 3D model. These geometrical data 

would be loaded into the CAM software, but CAD data may contain 

some small artifacts like unmatched edges, inverted triangles or holes. 

The commercial CAM software, however, have in-built functions of 

checking and repairing such trivial “errors” before the CAD data are 
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used. The CAM software will calculate the precise laser parameters and 

laser trajectories layer by layer for the provided powder granules. It will 

also calculate the positioning of objects in terms of production volume.
35

 

An important issue is designing of the support structure that holds the 

part onto the building platform. The friction force acting on the surface 

during powder feeding might shift the component if it is not sufficiently 

anchored to the platform. The final function is to enable an easy removal 

of the solid parts from the building platform after laser sintering.  

 

1.3 The laser and material interaction process 

 

1.3.1 Laser absorption of materials  

 

Only the amount of energy absorbed by the material can contribute to 

the heating. The interaction is complex and differs between insulators, 

semiconductors and metals. For all these solid materials the absorbed 

light is not always directly converted into heat, because the absorbed 

energy may also distributes as kinetic energy for free carriers (electrons), 

excitation energy for bond electrons and secondary formed phonons. 

Transformation of this added energy into heat goes in several steps that 

can be found described elsewhere.
36,37

 

The metals have free electrons in the valence bands and might show 

both high reflectivity and high absorption of laser radiation depending on 

the circumstances. For the good electric conducting metals, a large 

amount of electrons are free (“electron gas”) and not bond to a special 

atom. They can absorb a wide range of radiation and are good thermal 

conductors transferring the heat to neighboring areas. For most metals, 

however, the electron gas does not couple well with the metal's crystal 

structure.
38

 This is a drawback as the transformation of excess electron 

energy to material heat is less efficient. A good metal conductor may 

absorb all wavelengths of visible and infrared light. In addition, the good 

conductor metals are good reflectors, which might influence the absorp-

tion severely. The reflectivity of a metal material generally increases with 

increasing wavelength, so the best absorption is found at shorter laser 

wavelengths.
39

 Each metal might have its own interaction properties and 

shall be considered separately together with the chosen laser wavelength.  

In case of dielectrics, the absorption is ruled by interaction of the light 

with valence electrons which have certain allowable frequencies of vibra-

tion.
40

 The dielectrics will interact strongly with light of these frequen-

cies, but much less or not at all with other frequencies. Light absorption 

for insulators (like alumina) might be seen as the interaction of the elec-
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tromagnetic radiation with two kinds of electrons in the material. The 

radiation energy interacts either with bound valence electrons or free 

electrons (if present). The phonon energy must be the same or larger than 

the energy gap in case of linear absorption as seen in Figure 2. A non-

linear absorption with multi-phonon process requires higher energy inten-

sity than linear absorption. Excited electrons are set in kinetic motion and 

causes indirectly 3D lattice vibrations and atom spin, i.e. a heated materi-

al. The absorption of a material also strongly relate to its temperature.
4
 

The semiconductors are a very special case not studied here. 

The inherent linear absorption of a specific material can be judged 

from a measured absorption spectrum that suggests a suitable laser wave-

length for an effective laser sintering process. For examples, the CO2 and 

Nd:YAG lasers are the two currently popular laser sources. The CO2 la-

ser, with 10.6 μm wavelength, can be absorbed by most ceramics and by 

the metals. In contrary, the Nd:YAG laser with 1.07 μm wavelength are 

well absorbed by metals, but might have limited absorption by some ce-

ramics or glasses. The energy of the Nd:YAG radiation is higher and it 

can be focused on a very small spot; the smallest diameter of laser beam 

is roughly equal to the wavelength of the beam. This means that the ener-

gy of a Nd:YAG fiber laser, with a ~1μm wavelength, can be focused in a 

spot ten times smaller than that of the continuous wave CO2 laser. There-

fore this laser is well suited for laser sintering of high melting point mate-

rials through the melt-solidification mechanism. The CO2 laser is appli-

cable for sintering of other solid materials with lower melting points.
2,41

 
 

 
 

Figure 2. The general principle of light absorption in solid materials is 

illustrated. 

 

The linear absorption is important when the energy is high enough, but 

other factors influencing the absorption behavior must be considered in a 

real situation. Owing to the high intensity of a laser beam, the radiation 
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energy might be trapped by non-linear absorption. Double or multi-

photon absorption will increase the absorption efficiency greatly even 

when wavelength of laser beam is not consistent with the full band gap 

between the ground state and an excited state, see Figure 2. This mecha-

nism initially induces some laser-excited electrons as “seeds” and these 

can retain further energy through phonon-mediated linear absorption.
38

 

The rising temperature of the materials in turn affects the equilibrium 

electron occupation by the Femi-equation.
42

 Non-linearly excited elec-

trons will acquire enough kinetic energies to knock out other electrons 

(ion formation) and this process results in an avalanche-like response 

rising temperatures in an uncontrolled manner.
38

 By using a q-switched 

pulse laser, however, the over-heating induced by this avalanche effect 

could be efficiently cut-off.
43

 

 

1.3.2 Material melting and solidification 

 

When the laser beam irradiates the powder granules, it undergoes mul-

tiple scatters or reflections before it is absorbed. The heat formation 

(temperature) is inhomogeneous because of the randomness of the laser 

interactions. In addition, grain boundaries or any other defects inside the 

powder might have high laser non-linear absorption, i.e. being much hot-

ter. Thus, the local temperature distributions (up to the precursors Tm) 

appear strongly variable during the short laser interaction time and, fur-

ther, the cooling speed might also be unpredictable. For materials with 

high thermal conductivity and/or low melting points this might cause 

fewer complications than when the opposite is at hand, e.g. for oxide 

ceramics.
39,42

 Hence, due to the complex nature of the laser beam to mate-

rials interactions, suitable laser sintering parameters must be established 

separately for each case in order to achieve desirable sintered parts.  
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Figure 3. A schematic illustration of a materials consolidation by solid 

state sintering, liquid phase sintering and total melting occurring at ele-

vated temperatures by laser radiation heating. 

 

In the heated laser spot and the closest surrounding the laser sintering 

initiate transport of materials mainly by solid state sintering, liquid phase 

sintering and melt-solidification. The successful fabrication of low-

temperature laser sintered metal and plastic parts relies on partial or full 

melting of the compacted powder granules. The formed melt wets the un-

melted grains and facilities a viscous flow and consolidation. The laser 

energy per volume and time is controlled and the process can run with a 

high efficiency. High melting and low thermal conductivity materials, 

such as the alumina ceramics, needs completely different laser conditions. 

A heat accumulation effect, caused by the poor thermal conductivity, 

might help the sintering of alumina powders as the total laser effect can 

be reduced accordingly.
6,44

 A careful consideration of used parameters 

must, however, be done in each case as discussed further below. 

 

1.3.3 Parameter selection for laser sintering 

 

The selected parameter of laser sintering can be divided into two main 

categories. The first type of parameter refers to the optimizing of the la-

ser-material interaction process. The laser wavelength, pulse duration, 

powder grain size, granule size and packing density belong here. These 

parameters will be select before sintering. The second type of parameter 

refers to the laser scanning; laser powder, laser scanning speed, hatch line 

pattern (distance, width and direction) are typical instrument parameters. 

The latter parameter are set in forehand, but might be adjusted to some 
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extent during the preparation. The total energy input Q (unit J/m) from 

the laser beam can be easily calculated from equation 1: 

  Q= P/v   (1) 

Where P denotes the laser power and v the scanning speed.
45

 

 

 
Figure 4. A schematic diagram of the laser sintering process. The focused 

laser irradiation forms a melt pool. The movement of melt pool finally 

generates a consolidated line. 

 

A first laser sintering with the selected parameters should be carefully 

monitored. A microscopic melt pool forms instantly at the laser focusing 

point and follow the beam scanning over the granule material. This pro-

cess can be captured momentarily by the use of a real-time imaging sys-

tem. The merging melting pools form a straight line after the laser track 

and the merging of several parallel lines forms a rectangular melted sur-

face area, as illustrated in Figure 4. The size of the melted area becomes 

slightly larger than that of the decided hatch line area. This is because of 

the poor thermal conductivity of the material that will cause a heat accu-

mulation effects (by deepening melting pools) causing some secondary 

rim melting. The knowledge of such effects can only be seen by monitor-

ing and that permits a better trimmed parameter setting. An exact 

knowledge of thermal history at micron-level is crucial for development 

of materials with good final tolerances and microstructure.  

 

1.3.4 Laser scanning strategies 

 

The state-of-the-art laser scanners allow the implementation of scan-

ning strategies designed for minimizing the thermal stresses and the di-

mensional distortions by shrinkage during cooling. The scanning strate-

gies commonly applied in laser sintering are illustrated in Figure 5. The 

chess board hatch is a sophisticated strategy as it divides the larger areas 

into several small squares. Within each small square an individual scan-
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ning parameter can be used, e.g. with different energy densities and scan 

line directions. This is an effective tactic for accounting the expected 

internal differences and increasing the structural homogeneity of the sin-

tered body. 

 

 
Figure 5. Four typical scanning strategies applied in laser sintering: the 

stripe hatch with either a continue wiring mode (a) or a pulse mode (b), 

the meander hatch (c), and the chess board hatch (d). The arrows indicate 

the moving direction of the laser beam in the shown hatch patterns.   

 

1.4 Non-equilibrium structures 

 

A non-equilibrium microstructure refers to a structure normally 

achieved through a non-equilibrium process that is far from what should 

be established under a thermodynamic equilibrium condition. Laser sin-

tering generates often a non-equilibrium route, because the materials un-

dergo an extremely rapid heating and a rapid cooling process. The main 

characteristic of the formed non-equilibrium structure is generally a 

strong hetero generous assembly at several levels (hierarchy).Thus, the 

formed microstructure and hierarchical arrangement are different from 

those formed by traditional methods. 

A solid material with a heterogeneous microstructure might denote a 

body composed of small domains of different composition, grain shape 

and/or phases, such as a composite. It might even be the same materials 

in different states.
46

 Materials with a structural hierarchy mean that it 

comprises different structures at different length scales, e.g. macro-, mi-

cro- and nano-structural arrangements at the same time. Thus, a hierarchy 

can be on several scales as the larger structure elements themselves might 

have further internal structures.
47

 

Natural materials always combine complex architectures with very 

well organized heterogeneities.
48,49

 Tooth enamel, pearls, and mussel 

shells are well known examples both for their shimmering beauty and for 

their amazing toughness despite consisting of very brittle mineral crys-

tals. The hierarchical integrations of structural heterogeneities that span 

multiple length-scales from nano- to macro-dimensions strengthen these 
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natural materials. Man-made materials today can hardly achieve the 

smartness of these natural materials. 

The laser sintering is a bottom up approach and the exact scanning 

route of the laser beam can be pre-determined by the CAD/CAM soft-

ware. Complex heterogeneous or hierarchical structures can be pre-

designed and the laser sintering provides a great opportunity to evaluate 

each idea directly by preparing a component. It should be stressed, how-

ever, that there are only two kinds of heterogeneous and hierarchical 

structures that can be obtained by laser sintering. The first kind refers to 

the shape/structure of the sintered component and this technique is well 

developed.
50

 One example is the successful of fabrication scaffolds that 

demonstrates the potential of the laser sintering techniques. 

The second kind refers to the heterogeneous and hierarchical micro-

structures inside the solid material. Sophisticated operations are often 

demanded to introduce even a simple structural hierarchy in man-made 

polycrystalline materials.
47

 Utilizing the unique bottom-up fabrication 

way, however, the intriguing structural hierarchies are achieved in a sin-

gle operation and can be engineered by tailoring the processing parame-

ters. Improved performances and/or multi-functions are expected to 

emerge in materials with engineered structural hierarchies in multiple 

length-scales from nanometers to above centimeters. It will demonstrate a 

potential to produce a new category of polycrystalline materials charac-

terized by their tailor-made chemical and/or micro-structural heterogenei-

ties.
5
 

 

1.5 Extremely rapid sintering/cooling methods for ceramics 

 

Solidification of ceramic powder precursors into a body of a designed 

shape is a task with special demands. These ceramic materials are chemi-

cally non-reactive (inert) and require very high temperatures, as the melt-

ing point is normally well above 1500
o
C. Moreover, the sintered bodies 

for engineering purposes should be free from large defects. This field has 

attained great attendance in the past and a vast number of publications 

(even books) on the topic are available.  

With the aim of producing ceramics with retained non-equilibrium 

structures, the field might be narrowed considerably. The main require-

ment is that after the high-temperature reaction, the material must be 

cooled extremely rapid (quenched) to enough low temperatures where a 

further reaction is prohibited. By this apparently simple requirement, non-

equilibrium microstructures or phases might be locked to ambient tem-
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peratures. In practice, however, this also means that the thermal mass of 

the sample or a closely situated heating source must be very small. 

There are several known methods used to achieve rapid densification 

of starting powder materials into bulk bodies. High energy input or addi-

tional driving forces are needed for accelerate the reaction process and 

such methods are exemplified by arc melting, spark plasma sintering, 

flash sintering or laser sintering. The arc melting utilizes several kilo 

amperes of DC current to start an arc and drive the melt formation. The 

flash sintering applies a large DC electric field upon the green body to 

speed up the sintering process. The hot is static pressing method applies a 

compress force on the green body to reduce the sintering time. Some 

more advanced methods might combine physical driving forces. Spark 

plasma sintering, as an example, utilizes the compress force, electric field 

and plasma at the same time. 

The complex interaction processes also brings some disadvantages. For 

some of these methods, the instant high energy input will result in uncon-

trolled local instabilities of the heating process which limited the quality 

of the product. The most serious shortcoming, however, is that the cool-

ing speed is limited by the large interaction volume. As stressed above, 

rapid cooling is central to override any strive towards thermodynamic 

equilibrium or hinder kinetic reactions to take place. The formed non-

equilibrium phases or unique micro-structures must be retained. For met-

als, for example, achieved strong super cooling results a very fine-cellular 

structure locked by further cooling. 

Still, one method uses a very small heated (interaction) volume that is 

directly quenched, namely laser sintering. Complex shapes can be formed 

by scanner techniques using CAD/CAM and the body is built layer by 

layer. The heat process of laser sintering is greatly depending on the ma-

terials absorption of the high-energy laser beam of a distinct wavelength. 

It makes the energy transfer and following heat process totally different 

from the traditional ways described above and ensures a small interaction 

volume for heating and quenching. In addition, it is possible to induce the 

heat strongly inhomogeneous by controlling the precursor’s composition 

micro-layer by micro-layer in 3D geometries. Thus, laser sintering offers 

a unique potential for developing new materials. 

 

1.6 Concept of this thesis 

 

1.6.1 Background 
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Although initially laser sintering was developed as a visual prototyping 

tool, the technology has now been widely adopted and is maturing for 

industrial manufacturing of sintered components made of a large variety 

of plastics and metals.
5
 Laser sintering is recognized as a forming tech-

nology for customized components that are impossible to make by other 

technologies. The potential of producing better materials by tailoring the 

characteristic heterogeneous microstructure formed during laser sintering 

has not been well explored. Thus, the focus has been the quality and yield 

of components and little concern of optimization of the microstructure of 

the sintered materials.  

The performances of laser sintered materials have been compared with 

their counterparts (of the same compositions) prepared by conventional 

processing and proved that the former can be superior to the latter.
5,51,52

 

This seems surprising, as the laser sintered materials formed by a layer-

by-layer fusing often accommodate high concentrations of structural de-

fects. Detailed microstructure characterization is needed for better under-

standing of the relation between observed properties and microstructures 

developed in processing conditions far from thermodynamic equilibri-

um.
53,54

 

 

1.6.2 The aim  

 

The aim of this thesis is to use high-energy laser sintering as a tool for 

creating non-equilibrium structures by taking advantage of very high 

temperatures and extreme cooling rates. The quenching and huge temper-

ature difference within very short distances overrules phase equilibriums. 

New structures will form by kinetic and temperature gradient reasons and 

be retained in solid state. These structures form at different length scales 

from nano- to macro-level by a hierarchical ordering. The chosen materi-

als are high-melting point ceramics and metals found challenging to so-

lidify by laser. Solid state materials after laser consolidation will be in-

vestigated by high-resolution microscopy and other methods. The first 

step will be to evaluate a real-time monitoring technique to find optimal 

laser sintering parameters. Secondly, a number of materials will be laser 

sintered and the achieved microstructures will be characterized. Thirdly, 

the properties of the new structures will be established and related to the 

observed structures. The potential and possible applications of the new 

materials will be outlined. 
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2. Experiments 

2.1 Fabrication methods 

 

All experiments were made by using an EOSINT M 270 Selective La-

ser Sintering system from EOS GmbH. The laser was a 200 W continu-

ous wave Nd:YAG fiber laser operating at a wavelength of 1070 nm and 

the typical focal spot diameter is 70 µm. 

The powder material used for monitoring experiments was high purity 

alumina (99.99% Al2O3 from TAIMICRON, ultrafine grade TM-DAR) 

with a mean particle size of 0.10 µm. Alumina powder was pressed as 

tablets by uniaxial dry-pressing at 50 MPa. 

Dense and homogenous powder granules were used as precursors in 

this study, namely (1) about 50-125 m large ceramic beads of 3 mol% 

yttria-doped zirconia. (2) Co-Cr-Mo metallic alloy granules with average 

size of 40m with an overall chemical composition of Co (60 - 65 %), 

Cr (26 - 30 %), Mo (5 - 7 %), Si, Mn, Fe (each 1 %) and Ni (max 0.1 %). 

The high power laser beam fuses the powder granules evenly placed on a 

flat building plate using a pre-determined pattern calculated by CAD. 

After finishing a layer, the building plate is lowered by one layer thick-

ness and a new even layer of powder granule is loaded on its top. The 

process is automatically repeated in a layer by layer manner. Parameters 

as laser power, scanning speed, and distance between two scanning lines 

can be adjusted during laser scanning. For melting the ZrO2 ceramic 

beads, a laser power of 25W, scanning speed of 50mm/s and a hatched 

line distance of 0.05 mm are used to build one layer zirconia ceramic for 

microstructure characterization. When building the bulk Co-Cr-Mo alloy 

samples, we used a laser power of 190W, scanning speed of 800mm/s 

and hatched line distance of 0.1 mm are applied.  

 

2.2 Characterization methods 

 

For laser sintered ZrO2 samples, the achieved micro- and nano-scale mi-

crostructures were characterized by a Scanning Electron Microscope 

(SEM, JSM-7000F, JEOL, Tokyo, Japan) and a Transition Electron Mi-

croscope (TEM, FEG-2100F, JEOL, Tokyo, Japan). The Electron 

BackScatter Diffraction (EBSD) investigation was conducted using a 

digital HKL NordlysII F+ camera attached to a FEG-SEM Leo1530 up-

graded to Zeiss Supra55. The cross section polishing was accomplished 

by using an argon ion beam polisher (SM-09010, JEOL, Tokyo, Japan) 

under the accelerating voltage of 6KeV for 6 hours (without liquid nitro-
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gen cooling). Specimens for TEM characterization were prepared mainly 

by cutting thin slices with well-polished surfaces by Argon ion beam 

slicer (EM-09100 IS, JEOL, Tokyo, Japan) and occasionally by fracture 

to study very thin fragment edges. 

For laser sintered Cobalt-Chromium-Molybdenum (Co-Cr-Mo) alloy, 

the millimeter level of structural hierarchy was observed using an optical 

microscope (OM) under reflective mode (Olympus SZX12). The micro- 

and nano-scale structural hierarchies were characterized by a scanning 

electron microscope (SEM); model JSM-7000F, JEOL, Tokyo, Japan. A 

transmission electron microscope (TEM) was also used; model FEG-

2100F, JEOL, Tokyo, Japan. The laser sintered Co-Cr-Mo alloy samples 

were mechanically polished and further chemically etched in 36% HCl 

solution for 8 hours before SEM observation. The cross section polish-

ing was accomplished by using an argon ion beam polisher (SM-09010, 

JEOL, Tokyo, Japan) under the accelerating voltage of 6 KeV for 6 

hours. Specimens for TEM characterization were prepared by electrolytic 

polishing at room temperature in TenuPol-5 Electrolytic Polishing Sys-

tem by using a solution of 90% acetic acid and 10% perchloric acid under 

a potential of 25V. The computed tomography imaging was obtained by a 

high-resolution X-ray 3D computed tomography (GE v|tome|xs). 

Corrosion susceptibility was investigated for all laser sintered Co-Cr-

Mo samples by employing electrochemical potentio dynamic polarization 

using a micro capillary set-up (glass capillary, ø 159 µm, filled with 1 M 

NaCl). The advantage of micro-electrochemistry compared to conven-

tional macroscopic electrochemistry is that micron-sized inhomogeneities 

within the material can be detected. Measurements were performed on at 

least three different surface areas for each material. The microcell is de-

scribed in detail elsewhere.
55

 In short, the auxiliary electrode (platinum 

wire) is located inside the glass capillary with a reference electrode 

(Ag/AgCl,3 M KCl) connected via an electrolytic bridge. The tip of the 

glass capillary is polished and a silicone rubber O-ring is used to seal 

between the capillary and the sample surface. A high resolution potenti-

ostat (Jaissle IMP 83 PC T-BC) with a current detection limit of 10 fA 

was used with a sampling rate of 9 Hz. The capillary was placed in an 

objective holder to enable the microscopic investigation (Leica DM LS2, 

lateral resolution approximately 1 µm) of the same area. One day prior to 

the measurements the samples were polished to 1 µm using diamond 

paste, ultrasonically cleaned in ethanol for 5 min, dried in air using a fan 

and stored in air at ambient conditions. This pre-treatment and ageing 

process were made to allow an equal growth of the native surface oxide. 

The start potential was set to -600 mV (Ag/AgCl), and the samples were 
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anodically polarized at 1 mV s
-1

 to 1000 mV, followed by cathode polari-

zation back to -600 mV. Before applying the potential, the system was 

allowed to equilibrate for some minutes. After polarization, composition-

al analysis (Co, Cr, O, Fe, C, Na, Cl (Mo not included)) was made on a 

corroded area (250 x 200 µm²) using scanning Auger electron microscopy 

(SAM, Physical Electronics (PHI) 670, 10 kV) for the L20 alloy.  

Prior to exposure, the samples were ground using 1200 grit SiC, ultra-

sonically cleaned in acetone and isopropyl alcohol for 7 min, respectively, 

dried with cold nitrogen gas, and aged (desiccator, room temperature) for 

24 ± 1 h to achieve a defined and stable surface oxide, as described else-

where [6; 10]. The samples were entirely immersed in a vertical position 

(a surface area to solution volume ratio of 1 cm² mL
-1

)in phosphate buff-

ered saline (PBS, pH 7.3±0.1) or PBS + 10 g L
-1

bovine serum albumin 

(PBS+BSA, pH 7.3±0.1) in closed acid-cleaned polyethylene vessels for 

2 and 168 h (1 week), respectively. The vessels were positioned in a Stu-

art platform-rocker incubator with bilinear shaking (25 cycles min
-1

) at 

37±0.5 °C. Triplicate samples and one blank sample (without alloy sam-

ple) were exposed in parallel for each time period and fluid. The chemical 

composition of PBS was 8.77 g L
-1

NaCl, 1.28 g L
-1

 Na2HPO4, 1.36 g L
-1

 

KH2PO4, 370 µL L
-1

 50% NaOH and ultrapure water (18.2 MΩ cm). The 

fluids were justified from their relevance for human blood, and previous 

deliberations and findings by some of the authors on protein adsorption 

and protein-induced metal release on chromium metal, stainless steel, and 

cast CoCrMo.
56,57,58

 After exposure, the solution was separated from the 

samples, and the solution acidified (65vol-% ultrapure nitric acid) to a pH 

less than2. All chemicals were of at least analytical grade (Sigma Al-

drich), and all equipment and vessels were acid-cleaned by 10vol-% nitric 

acid for 24 h before rinsed four times with ultrapure water.  

Solution metal analysis (total metal) was performed using atomic ab-

sorption spectroscopy (AAS, AAnalyst 800, Perkin Elmer) with flame 

(for Co) and graphite furnace (for Co, Cr and Mo) modes. Calibration 

curves were based on at least four calibration standards and quality con-

trol samples of known concentration were analyzed regularly. Limits of 

detection (LOD, 3 times the highest standard deviation of blank samples) 

were 1 µg L
-1

, for Co, Cr, and Mo, respectively, in the graphite mode. 

The measured metal concentrations were significantly higher than their 

corresponding limits of detection for all time periods, exposure condi-

tions and analyzed metals. 

Mechanical spectroscopy measurements were carried out in an inverted 

forced torsion pendulum, working in a sub resonant mode. The mechani-

cal loss, tan(Φ), and the relative shear modulus, were measured from the 
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phase lag and the amplitude ratio between stress and strain signals, re-

spectively. The isochronal measurements were performed under a high 

vacuum (10-3 Pa) as a function of temperature in the range of 300-1400 K 

and at a constant frequency (f = 1 or 0.1). The isothermal measurements 

were carried out at constant temperature and in a range of frequencies 

between 10
-3

 to 10 Hz. 

The laser sintered ZrO2 sample was directly used for the thermo grav-

imetric analysis (TGA) testing without any cleaning process. The TGA 

characterization was performed on SETARAM TAG24 for achieving the 

exact mass change when the sample was slowly heated from room tem-

perature to 700°C in oxygen.  

A laser sintered ZrO2 bulk piece was grinded into powder and placed 

into a capillary tube for the Electron Paramagnetic Resonance (EPR) test. 

The EPR data are collect by a BrukerElexsys 500 series X-band spec-

trometer with Microwave frequency 9.475 GHz and Field modulation 10 

Gauss (@100kHz) at 298 K. 

 

2.3 Monitoring methods 

 

To evaluate the different real-time monitoring techniques, the top layer 

of alumina powder tablets is consolidated. The scanning hatch line pat-

tern used for a 4x4 mm surface illustrated in Figure 6. The hatch line 

distance was fixed at 0.05 mm and the stripes scan width was 2 mm. 

 
Figure 6. A schematic diagram of the hatch line laser scanning pattern is 

shown. The hatch lines in the stripes are close (0.05 mm) whereas the 

strip width is 2 mm.  

 

The active illumination imaging system (manufactured by Cavitar) 

consists of a control unit, lighting system, control software and a CCD-

camera. The imaging system mounted to the laser sintering equipment is 

shown in Figure 7(a-d). The optics and the camera are fixed outside the 



18 

laser sintering machine. To prevent the cameras CCD-array to solar-

ize/over exposure, an additional lighting is done by a strong 810 nm light 

source (diode laser, Cavilux HF) attached to the laser unit via an optical 

fiber. This laser has a light with much higher intensity compared to the 

thermal radiation.
59

 The camera has an optical filter with transmission 

mainly to this wavelength that decreases the light emission of the laser 

spot. Thus, the image contrasts relates to the absorption and reflection 

properties at 810 nm wavelength. The camera can expose up to 30 frames 

per second and from time-expended videos it is possible to detect rapid 

phenomena. 

 

 
 

Figure 7. The monitoring equipment, where (a, b) are the active illumina-

tion imaging system installed outside the chamber; (c) is the measuring 

unit of the pyrometer located inside the chamber. In (d) an image from 

the inside of the sintering chamber when the spectrometer was in use. 

 

A pyrometer (Temperature-Control-System, TCS) is calibrated and 

used for on-line temperature measurement and control of the laser pro-

cess. The optical head of the pyrometer, attached to support, was mount-

ed inside the chamber and it was adjustable from the outside. Optical 

fibers transmit unfiltered data into the pyrometer and the radiation was 

divided into two radiation ranges 1200-1400 nm and 1400-1700 nm. The 

chosen ranges are optimal for studying alumina (melting point 2072℃) 

and relates to temperature intervals about 1400-1800 / 1800-2130℃. For 

each recorded range a photo detector turns the radiation intensity into a 

photo-current, where the photo-current ratio is independent of the spectral 
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emission coefficient at the work piece surface. This allows simple tem-

perature detection at different surfaces or of different materials. The py-

rometer uses a round-shaped detecting area that can be focused and the 

spectrometer (Ocean Optics HR2000+) uses a CCD-array detector. The 

spectrometer can be used also to record the emission spectrum from 200 

to 600 nm. Thus, it centers on the ultraviolet end of the visible light range 

(400-700 nm). Note the cut-off towards lower temperatures (600 nm) and 

that the measuring range is different from the pyrometer. The optical 

head of this spectrometer, attached to a support, was mounted inside the 

chamber; see Figure 7(d). 
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3. Results and discussion 

Few oxide ceramics are suitable for laser sintering as they, besides a 

high melting point, have unfavorable thermal properties, like high ther-

mal expansion coefficient, low thermal conductivity and poor thermal 

shock resistance. Monitoring techniques are therefore of great importance 

and alumina fulfils all draw-backs listed to be a perfect demonstration 

material. Alumina based ceramics are, in addition, one of the most used 

materials both for technical and high-performance applications. Therefore, 

in the first chapter alumina powder will serve as an example for the im-

portance to determine suitable laser parameters for sintering and to avoid 

induced defects. In following chapters laser sintering of yttria stabilized 

zirconia and a Co-Cr-Mo alloy will be described. The zirconia ceramic 

represent a much more complex ceramic and the metal alloy exemplify 

how laser sintering might further improve the good properties. For-

mations of non-equilibrium phases are central for the achieved micro-

structures and performances of the two latter materials. 

 

3.1. Monitoring the laser sintering process in case of alumina ceramics 

 

It is impossible to set the correct factors for the laser sintering process 

of alumina without some prior test runs. Real-time monitoring techniques 

will be important and are here evaluated in respect to their performances. 

The findings will also shed some light upon the laser interactions with 

alumina. 

The detector can be installed either in a co-axial or an off-axial man-

ner.
60,61

 The advantage of a co-axial setup is that the detector element is 

focusing on the process zone, but there are geometrical restrictions for 

additional components. Real-time information from the melting pool will 

be achieved, such as pool geometry and its evolution during the laser 

sintering process, but the captured images will reproduce the brightness 

contrasts.
62,63

 Simultaneous observation of the high and low temperature 

areas is difficult. The off-axial setup does not have restrictions in system 

design, but the thermal radiation is captured from the entire heat-affected 

zone. Obtained temperatures would be slightly lower than the maximum 

focal spot temperature, but the average temperature still reflects the ther-

mal condition. The off-axial imaging system can be used also for flaw 

detection by inspecting the consolidated surface morphology after laser 

sintering. 
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3.1.1 Real time temperatures by a pyrometer 

 

The temperature is a crucial factor in analyzing the outcome of the on-

going laser sintering process. An off-axial pyrometer was used when the 

Nd:YAG fiber laser beam scanned over an alumina powder surface. The 

recordings cover the whole heat-affected zone and register the highest 

average temperature when alumina powder melts. The observed varia-

tions of average temperature as functions of the laser energy input (J/m), 

laser power (W) and scanning speeds (mm/sec) are summarized in Figure 

8 (a-c), respectively. The average temperature is not increasing linearly 

with the laser energy input. The alumina surface ability to reflect/adsorb 

the laser change by temperature or physical state.
64,65

 The recorded tem-

perature increased rapidly when the laser energy input increased and sta-

bilizes at a level above 1900℃. Thereafter, the average temperatures are 

staying at about the same level, even when energy input increases. The 

melting of alumina powder consumes energy and stabilizes the tempera-

ture in the melt pool at its melting point (~ 2070℃). The surplus of added 

energy might be “consumed” by increasing the melt volume by slight 

melting of the rim of the laser spot and by the melting pool penetrating 

deeper into the body. The alumina melt pool, however, diffuses continu-

ously heat into the surrounding area and this process is influenced by 

many factors.  

 
 

Figure 8. The evolution of the average temperature of the hot area detect-

ed by an off-axial pyrometer versus (a) the heat input in J/m, (b) laser 

power in W and (c) scanning speed in mm/sec. 

 

The heat-affected zone will be complicated by the laser beam scanning 

in a zigzag way, where the following scanning track is only 0.05 mm 

away, cf. Figure 6. The 2 mm jump between separated stripes might give 

an opposite effect with a local instant temperature drop. Increase in scan-

ning speed from 50 mm/s to 150 mm/s resulted in a decrease of 100℃in 

average recorded temperature, as seen in Figure 8 (c). The faster the laser 

beam moves, the less time is available to interact with the alumina mate-

rial. 
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It might be concluded that the measurement by a separate pyrometer 

gives a fair estimation of the ongoing process. It can be used for a first 

estimate, but has little value for monitoring of a production process or to 

be used in research. 

 

3.1.2 Real time thermal radiation profile by a spectrometer 

 

Using a spectrometer is useful to measure the thermal radiation as well 

as other radiation phenomena during the laser sintering process, such as 

occurrence of photoluminescence or thermo luminescence. The real-time 

off-axial spectrum of the thermal radiation was captured and relationships 

between the increase in energy input and the measured radiation intensi-

ties by wavelengths and by elapsed time are summarized in Figure 9(a-d). 

Rapid intensity shifts and very short wavelengths emitted reflect the on-

going energy transfers by laser-alumina and laser interactions with a thin 

surface plasma and cannot directly be interpreted as alumina surface tem-

peratures (>6000℃). The correct temperature is therefore achieved with a 

real-time pyrometer recording the alumina surface temperature. 
 



23 

 
 

Figure 9. Comparison of spectrometer (left column) and pyrometer (right 

column) recordings of the energy transfer process when alumina was 

laser sintered. Different heat input levels were used and the real-time 

spectrometer and pyrometer profiles were measured; comprising the heat 

inputs of  200 J/m (a,b), 400 J/m (c,d), 700 J/m (e,f)) and 1000 J/m (g,h).  

 

Using the lowest energy input (100 J/m), the pyrometer temperatures 

were below measuring range. By increasing the inputs to 200 J/m, the 

measured electromagnetic emissions seen by the spectrometer and py-

rometer gave weak signals, as shown in Figure 9 (a) and (b), respectively. 

This is still not high enough laser energy input as the radiation interacts 

preferable in several parallel bands across the scanned alumina area. Lo-
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cal temperature recordings by pyrometer consequently show rapid local 

temperature shifts by the scanning time. At 400 J/m the emitted recording 

is stable and the scanned 4x4 mm area is heated to above 2000℃, with 

one cooler band across the area, see Figure 9 (c) and (d). The pyrometer 

shows that the time width of this band is around 0.3 sec. At 700 J/m this 

band has become narrow and a proper sintering is at hand. At the highest 

input (1000 J/m), thermal flow has equalized temperatures to the melting 

point of alumina (2072℃), but note that heat diffuses outside of the 

scanned area. This energy input is too high to be controlled. 

From the real-time results achieved, the emission spectrum character 

reflects the stability of the alumina laser sintering and the pyrometer rec-

ord is consistent with these observations. The very short apparent temper-

ature drop (0.3 sec) is believed to be caused by the laser scan pattern, as 

the laser stop and restart in a different direction following the hatch line 

scheme, cf. Figure 6 (a). The laser hatch track should be modified to al-

low a more uniform temperature within the 4x4 mm area. 

The real-time monitoring has shown to be an efficient tool to track 

even short-time events during the rapid laser scan. At energy inputs of 

400-700 J/m the recordings show less fluctuation and reflect a more sta-

ble sintering process. In this interval an optimal sintering condition will 

be found and other energy inputs should be mapped.  

 

3.1.3 Real-time surface morphology by an active imaging system. 

 

The real time active imaging system is very useful for monitoring the 

surface morphology changes during the laser sintering and for induced 

defect detection. An off-axial imaging system is used to record the real-

time laser sintering process and the captured images will appear in 

black/white showing the variance of light reflectivity of the surface. An 

additional diode laser illumination (810 nm) is used. The surface rough-

ness (powder vs. consolidated alumina), the melt pool and other physi-

cal/geometric factors might influence the absorption/reflection ability. 

The generally high absorption by alumina itself induces an overall dark-

grey contrast in the recorded images. The high temperature alumina melt 

pool has strong absorption and is becoming black. The optical imaging 

system grasps the real-time events of the high and medium temperature 

zones at the same time and typical images during laser sintering of alu-

mina are shown in Figure 10. 
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Figure 10. Top view images captured by the active illumination imaging 

system when alumina was consolidated with different heat input values. 

In (a-c) the heat input was 200 J/m, in (d-f) 400J/m, in (g-i) 700 J/m and 

in (j-l) 1000 J/m. For each heat input level a sequence of three images 

was exposed after 1/3, 2/3 and full time. 

 

The imaging system reveals the quality of consolidated layers when the 

energy input increase in the sequence200, 400, 700 and 1000 J/m, see 

Figure 10 (a-c), d-f, g-i and j-l, respectively. Three images at each energy 

level follow the process after 1/3, 2/3 and full sintering time (~6 sec). 

Only partial melting of alumina powder along parallel bands crossing the 

scanned area can be seen at 200 J/m. The circumstances ruling this pre-

ferred material-laser interaction is unclear, but complete melting of the 

alumina grain layer was achieved at 400 J/m, see Figure 10(f).The heat 

accumulating effect by time is indicated at 700 J/m, as the melt zone ex-

ceed the scanned area, and this is even more pronounced at 1000 J/m, see 

Figure 10 (i) and 10 (l), respectively. Too large energy inputs will cause 
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the melt pool to penetrate deeper into the body and a tuned level of ener-

gy input is important for the quality. 

The time-evolution of an alumina melt pool is followed with an image 

every 1/30 second in Figure 11 (a-f). The image is exposed at the edge of 

the compacted alumina powder disc where the reflective edge is seen as a 

curved white band. At the top dark-grey surface the laser track has 

reached the edge leaving a trail of melted alumina and the laser beam is 

turning direction. Once the laser irradiates upon the alumina powder body 

again a small dark melt pool forms, see yellow arrow in Figure 11 (b). 

The melt pool can be followed by time in Figure 11 (c-f). The diameter of 

the melt pool increases and it causes also a deeper penetration into the 

material.  

 
 

Figure 11. The melt pool is followed by the imaging system when alumi-

na was laser sintered. The images are captured at the edge of a tablet of 

compacted alumina powder and the white contrast band is the edge. Both 

the side view and top view can be observed at the same time. Yellow 

arrows indicate the position of a melt pool that enlarges by time in (b) to 

(f). The laser spot follow a direction parallel a previous scan line, but in 

opposite direction. Heat accumulation enlarges the melt pool also into the 

material that might give a concave surface. 

 

The imaging system is perfect for on-line control during laser sintering 

and it is also possible to follow how a critical defect may form. During 

sintering of alumina a tiny crack forms at the front of the moving laser 

spot, see yellow arrow in Figure 12 (a). This crack at the powder edge of 

the melt pool creates a small fragment that moves into the melted area, 

seen in Figure 12 (b). This fragment is only partially melted and leaves a 

porous defect in the consolidated part; see Figure 12(c-d). Another exam-
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ple is the evolution of a thermally induced crack into the alumina green 

body and the crack continue to growth as the sintering proceeds; see Fig-

ure 12(d-f).  
 

 
 

Figure 12. The time evolutions of two types of defects during laser sinter-

ing of alumina are followed by the imaging system. The evolution of a 

poorly densified powder defect is seen in (a-d) and the progress of a det-

rimental crack in (e-f).  

 

Defects can also be found by OM and SEM examinations of consoli-

dated alumina bodies, as exemplified in Figure 13(a-f). Too low heat 

inputs (like 200 J/m) will leave large volumes of poorly consolidated 

alumina powder within the bodies and defects of this size would be det-

rimental for the mechanical properties, see Figure 13(a) and (d). It is well 

known that dense alumina ceramics are sensitive for thermal shock and 

intense micro-cracking will occur caused by the high linear thermal ex-

ponent. Thus, an apparently well consolidated body at 400 J/m will re-

ceive a great thermal shock at the rapid cooling, see Figure 13(b) and (e). 

It has been shown by others that a pre-heating/controlled cooling of laser 

sintered alumina is necessary.
66

 Too high energy input (1000 J/m) will 

also introduce easily observed deformations, curved solidification lines 

and crack initiation points; see Figure 13(c) and (f).  

In conclusion, the real-time monitoring is proved to be crucial for mon-

itoring laser sintering of alumina ceramics. Alumina and other oxide ce-

ramics, belong to the challenging materials for laser sintering having high 

melting point, low thermal conductivity and poor thermal shock re-

sistance. By real-time monitoring techniques the time-resolved process 

can be mapped and proper laser sintering parameters can be suggested. 

Finally, traditional methods like OM and SEM are still important to in-

spect the bodies after cooling. The thermal properties of such oxide ce-

ramics make them sensitive to thermal shock; creating micro-cracks seen 
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only by the latter techniques. Pre-heating and, especially, the cooling of 

engineering products must be made in a slower and controlled manner. 

 

 
 

Figure 13. OM micrographs (a, b, c) and SEM images (d, e, f) of different 

defects formed in laser sintered alumina. 

 

3.2 Non-equilibrium structure of a laser sintered Co-Cr-Mo alloy 

 

The laser sintering of a Co-Cr-Mo alloy will serve as an example of us-

ing laser sintering of metal granules. The multi-scale structural features 

were analyzed by OM and different EM techniques. The formed micro-

structure was highly heterogeneous and showed structural features rang-

ing from nano- to macro-meter scale, i.e. development of hierarchical 

structures. 

 

3.2.1 Laser scanning strategies for Co-Cr-Mo alloy 
 

 
 

Figure 14. Illustrations of the three laser scanning strategies described in 

the text: (a) L20 (b) R20, and (c) R40. The laser melting tracks and pools 

are illustrated as bars (top view) and as half cylinders (cross sections). 

 

Three laser scanning strategies were applied: i) L20, a layer thickness 

of 0.02 mm, scanning parallel traces in each layer; ii)R20, layer thickness 

of 0.02 mm, scanning traces rotated at an angle of 60° every second layer, 
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and iii)R40, layer thickness of 0.04 mm, scanning traces rotated at an 

angle of 60° every second layer, see Figure 14. For L20 and R20 samples, 

the scanning parameter was set to laser power of 190 W, scanning speed 

of 800 mm/s hatched line of 0.1 mm. For R40 samples, we used a laser 

power of 190 W, scanning speed of 535 mm/s and hatched line of 0.14 

mm. In generally, the R40 will allow a fast formation speed but yield a 

more pronounced surface roughness compared with R20 and L20.  

On a macro-level, the accumulative rapid solidification of adjacent 

melt pools gives a network appearance of stacked melt pools. This is 

illustrated as half cylinders (melt pool boundaries) in the side-view imag-

es (cross sections) in Figure 14. These stacking arrangements are defined 

by the laser scanning pattern during preparation. 

The samples were etched to enable melt pool boundaries to be ob-

served by SEM and the microstructure of all three strategies consisted of 

a fine cellular (~1 µm) and elongated columns in a perpendicular direc-

tion as seen in Figures 15(a-c). In agreement with literature findings an 

enrichment of Mo and depletion in Co was found at the cell boundaries.
67

 

The microstructure, based on cross-sectional observations, with several 

stacked melt pools on top of each other is illustrated in Fig.15(c). 

 

3.2.2 The heterogeneous microstructure 

 

After the laser sintering of Co-Cr-Mo granules, using all three scanning 

strategies, the examined microstructure was found to be the same. Clus-

ters of micron-sized columnar crystallites (elongated cellular structure) 

were easily seen at the cross-section (perpendicular to the material build-

ing direction). The directional crystallization is illustrated by a backscat-

tered SEM image in Figure 15(a). This image indicates that each individ-

ual crystallite has the same crystallographic orientation. The very narrow 

grain boundaries between the individual crystallites have a white contrast 

indicating heavy elements being enriched by segregation. Owing to the 

structural coherence of the adjacent crystallites within a columnar cluster, 

the latter can be seen as an elongated “grain”. In addition, individual 

grains will form a “dendrites like texture” in low magnification SEM 

images, cf. Figure 15(b). The crystal structure coherence within the grains 

is also confirmed by mapping electron backscatter diffraction (EBSD), 

where grains with similar crystallographic orientation are viewed with a 

similar color; see Figure 15(c). The evenly colored regions correspond to 

the size of crystallite clusters observed in Figure 15(a).  
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Figure 15. Backscattered SEM and EBSD images of a laser sintered Co-

Cr-Mo alloy from a polished cross section surface revealing the micron-

level heterogeneous microstructure. (a) A high magnification image is 

showing the formation of clusters of columnar crystallites (cells); (b) the 

same surface at lower magnification shows a “dendrites like texture”; (c) 

An EBSD map confirming the structural coherence of the crystallites 

within each “leaf of individual dendrite”. 

 

The chemical composition shifts at the very thin boundaries within the 

crystallites were investigated by a TEM equipped with EDS. Segregation 

of heavy elements to the thin grain boundaries was seen as enriching of 

Mo and depleting of Co. The EDS analysis gives a metal composition of 

Cr 32.6 wt%, Co 59.4% and Mo 8.0% within a region inside columnar 

crystallite bundles; see the area marked by a yellow circle and the corre-

sponding EDS spectrum in Figure 16(a). A similar EDS spectrum of an 

area also covering the grain boundary phase gave Cr 32.5%, Co 47.8%, 

Mo 19.7%, cf. Figure 16(b). The resolution of the analysis volume will 

not allow an exact composition of the grain boundary, but the major dif-

ference from the interior of the grain is a significant enrichment of Mo. 
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(a) 

 
(b) 

Figure 16. TEM images of the laser sintered Co-Cr-Mo alloy are reveal-

ing the formation of a submicron-level heterogeneous microstructure 

within the elongated crystallites. (a) TEM image taken on an ion sliced 

sample; (b) TEM image taken on an electrolytic polished sample. The 

two inserted EDS spectra were generated at the two pots marked by the 

yellow circles and a comparison reveal enrichment of Mo at the bounda-

ries. 

 

In order to understand the development of such structural features, the 

thermal history of the metal melt pools are the key factor. Several kinetic 

and thermodynamic parameters rule the crystallization process, the 

formed phases and the crystalline morphology. The size and volume of 

the melt pools are determined by the laser processing parameters and the 

granule properties. The temperature 3D distribution profile around the 

melt pools is very complicated, but it is influenced mainly by the laser 

exposure (energy, speed, track pattern etc.). In addition, the melt pools 

are exposed to the gas atmosphere at the building surface where kinetics 

of homogeneous nucleation dominates a crystallization process giving 

more equiaxed grains. On the other hand, a super cooled metal melt and 

the partly fused granules at the interface favor heterogeneous nucleation. 

The latter enables a rapid crystallization process and formation of colum-

nar grains. As a result, the final microstructures of laser sintered bulk 

materials are highly heterogeneous. 

Another type of structural hierarchy is developed on sub-millimeter 

scale where the -CT image discloses melt pool traces on the building 

surface, as shown in Figure 17(a). The melt pools appear as half spheres 

with an average diameter of ~70 m. The accumulative rapid solidifica-

tion of adjacent melt pools forms a network of merged bars with cross 

sections seen as half cycles or rectangles by the OM, see Figure 17(b). 

The boundaries represent the initial interfaces between melt and the sur-
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rounding un-melted solid granules. Materials at these boundaries often 

experience some re-melting which changes the local microstructure and 

stress state, seen as “welding lines”. Obviously, the crystal clusters con-

strained inside the individual melt pools generate an interlocked texture 

on micrometer-scale. On a larger scale dimension, by changing and/or 

rotating the laser scan patterns in each individual layer, complex textures 

can be generated even up to centimeter scale, see Figure 17(c). These 

results display hierarchies across different length scale achieved by ma-

nipulating more-than-one kinetics of melting, crystallization and solidifi-

cation simultaneously in a single additive manufacturing operation. 

 
(a)                                       (b)                                    (c)  

Figure 17. The -CT, OM and SEM images of a laser sintered Co-Cr-Mo 

alloy revealing the formation of macro-level heterogeneous microstruc-

tures. The -CT 3D image (a) show the dense bulk and the residual sur-

face laser scanning tracks; the OM (b) and SEM (c) images show that the 

scanning strategy affects the 3D structure. 

 

Three levels of structural hierarchies was observed in these polycrys-

talline materials prepared by laser sintering, namely i) nano-level struc-

tures dominated by the grain boundary segregation; ii) micron-level struc-

tures characterized by the interlocked cluster of columns; and iii) macro-

level structures defined by the selected laser scan patterns. A new materi-

al processing principle is high-lighted for producing highly heterogene-

ous polycrystalline materials by engineering in a single operation. It 

opens up possibilities for producing multifunctional materials by increas-

ing their structural complexities in biomimetic manners.  
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3.2.3 The crystalline phases found in the laser sintered Co-Cr-Mo alloy 

 

 
Figure 18. The two XRD diagrams of unpolished and polished laser sin-

tered Co-Cr-Mo alloys are shown. 

X-ray diffraction studies revealed that all three unpolished laser sin-

tered alloys have predominantly a cubic metastable γ (fcc) phase with 

peaks present at 43.6° (2θ), 50.7°, 74.5°, and 90.4°, see Figure18.
68

 In 

comparison, all polished alloys have XRD peaks at 43.8°, 46.5°, 50.5°, 

60.9°, 74.4°, 82.5°, and 90.0°, see Figure 18. The peaks of the two phases 

partly overlap and indicate a mixture of fcc and hcp ordering.
68,69,70,71

 

Similar findings, as for the unpolished alloys in this study, have been 

reported for a Co-Cr-Mo alloy fabricated using comparable laser melting 

parameters as employed in this study (200 W, laser spacing 0.1 mm).
67

 

 

3.2.4 The mechanical properties of the laser sintered Co-Cr-Mo alloy 

 

Sample 
Load 

(kg) 

Hardness, 

(HV) 
st.dev Re [MPa] 

st. 

dev 
Rm[MPa] 

st. 

dev 

R20 10 410.84 13.73 873 76 1303 73 

 1 448.22 13.51     

 0.5 510 7.1     

R40 10 424.43 16.34 428 43 1159 18 

 1 447.86 9.92     

 0.5 497.46 27.06     

Table. 1. The measured Vickers hardness, bending strength (Re) and ten-

sile strength (Rm) of the studied Cr-Co-Mo alloy. The hardness was 

measured with three different loads. 
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The mechanical properties are very important when the laser sintered 

materials are applied for the demanding applications. The measured 

Vickers hardness, bending strength (Re) and tensile strength (Rm) are 

summarized in Table.1. The hardness was measured with three different 

loads and, as expected, the lower load results in a higher hardness value. 

The smallest weight focuses on a smaller indentation area and is more 

sensitive for local variations of hardness caused by structural faults. 

Larger voids will be manifested as an increased data scatter, but the 

standard deviation is not increasing for the R20 alloy. The material R40, 

on the other hand, has a significant raised scatter of measured values, 

indicative of a faulted microstructure, cf. Table 1. This was verified by 

the significant drop in bending strength for the R40 alloy compared with 

the R20 alloy. The measured bending and tensile strengthsresults of R20 

are comparable with commercial Co-Cr-Mo alloys fabricated with other 

methods.  

 

 
Figure 19. The SEM image from a cut and polished cross section area of 

the laser sintered R40 alloy show large extended solidification defects. 

 

The microstructure of laser sintered materials was cautiously studied 

by OM and SEM upon cross-sections. A careful final polishing was used 

to avoid making new defects and the subsequent microscopy gave clear 

evidences of cracks and large extended voids. The SEM images of typical 

defects found in R40 are shown in Figure 19. Stacking fault in the pow-

der bed might contribute the voids seen in Figure 19(a). In other areas, it 

was seen that the boundary of these columnar clusters appears weak and 

preferable created defects at the intersection of columns with a different 

direction, see Figure 19 (c). Some cracks follow a curved shape similar to 

edge of a melting pool, as in Figure 19(b). These results indicate that the 

laser sintered bulk is sensitive for the preparation conditions. Still the 

mechanical properties of R20 are comparative to the casted Co-Co-Mo 

alloy and further optimization of the laser process might give at least the 

same or better mechanical performance.  



35 

The laser sintered process affects the Co-Cr-Mo alloys phase composi-

tion and microstructure differently compared to the traditionally casted 

alloy. The rapid solidification kept the γ phase stable to low temperatures 

and gave a micron-sized cell structure which enabled good corrosion 

properties (described below). By careful preparation the bottom to up 

process can be advantageous for building of a hierarchical microstructure 

in different length scales. Completely inter grown, but different, sub-

micron microstructures prevent the dislocation movements. The textures 

within the columnar crystallite bundles of several tenths of microns are 

important for seizure crack movements and preventing sliding. Finally, 

macroscopic textures of “melt-pool boundaries” might be important for 

suppressing linear crack propagation by changing the crack route.  

 

 

3.2.5 Mechanical loss spectra of the laser sintered Co-Cr-Mo alloy 

 

According to experiences achieved for applications much above ambi-

ent temperatures, laser sintered materials normally need a further heat 

treatment before application. Observation of any material change during 

this heat treatment is important. Recording of mechanical loss spectra is a 

most powerful tool to reveal mechanical property changes during the 

raising temperature and it will elegantly show the presence of non-

equilibrium phases.
72

 

It is well understood that the extremely rapid heating caused by the la-

ser sintering of the Co-Cr-Mo alloy and the subsequent quenching to low 

temperatures might introduce non-equilibrium reactions. The presence of 

elongated cellular structure in the metal alloy is enough proof for such 

reactions taking place, see Figure 15(b). To confirm and understand the 

recorded signals by mechanical loss spectra the Co-Cr-Mo alloy are fur-

ther characterized by XRD and SEM investigations before and after a 

temperature cycle. Thereby occurrence of any unexpected phase or mi-

crostructure change is seen. The findings are compared with the samples 

reheated to higher temperatures, where stable conditions will re-appear.   

During mechanical loss spectrum measurements heating and cooling 

can be done at different heating rates, but it is important to run the same 

sample several cycles. In this way, the first run can be compared with the 

following runs. This will reveal non-reversible reactions that only take 

place during the first run. Reactions that show up subsequently during 

several runs are reversible; like a dissolution/precipitation process acti-

vated at a certain temperature. 
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Figure 20. The general mechanical loss spectrum of the laser sintered Co-

Cr-Mo alloy during the first heating (red) and cooling (blue) cycle as the 

lower curves in (a). The corresponding changes in relative shear modulus 

are fund at the top of (a). The mechanical loss found in the first run is 

compared with two following runs in (b). 

 

The general spectrum measured at 1 Hz (mechanical loss and modulus 

as a function of temperature) for the laser sintered Co-Cr-Mo alloy spec-

imens illustrated in Fig. 19. During the first heating, the mechanical loss 

spectrum reveals a broad peak starting around 1200 K and with a maxi-

mum mechanical loss peak located at 1280 K (almost 1000 
O
C). The peak 

is superimposed upon the exponential increasing background level found 

at high-temperatures and the background must be withdrawn for a correct 

modulus. As mechanical loss has finished the heating can be stopped at 

1350 K, where the sample is annealed for an additional 20 minutes. Dur-

ing this equilibrium annealing at 1350 K, the background level is adjusted 

to slightly lower modulus and mechanical loss levels that will be used in 

the cooling of the sample. Upon cooling, the large change during heating 

has disappeared and indication of a non-reversible process. A small shift 

from background level is observed, however, at cooling with a peak 

around 1200 K. 

The heating-cooling cycles of the same sample were repeated several 

times, but as the heating after the first run were very similar, only the two 

first runs are included in Fig.20 (b). It is now clearly confirmed that the 

large peak occurring in the first heating is not repeated in subsequent 

heating cycles, i.e. a strong evidence of a non-reversible reaction. The 

cooling still contains a small peak which shows that some reaction has 
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taken place at high temperature annealing and a phase transfer occurs 

during cooling at the same temperature. The comparison of XRD patterns 

before and after the heating cycle show the same phase composition, but 

the ε phase increase. It should be pointed out that stresses release occur at 

the same time. The microstructure characterizing, however, gave evi-

dence of possible reaction(s). The laser sintered Co-Cr-Mo alloy seen by 

backscattered SEM on an etched surface is presented in Figure 21(a). As 

a comparison the microstructure of the sample used for the first mechani-

cal loss spectrum after the full run is given in Figure 21(b). To stress the 

changes appearing at the grain boundaries a high-magnification SEM 

image is included as Figure 21(c). 

 

 

Figure 21. The etched microstructure of the laser sintered CoCrMo alloy 

before heating (a). After the recording of mechanical loss spectrum and 

heating to 1350 K the microstructure looks like in (b) and (c). 

 

After the first complete cycle, the original 1 μm cellular-like structure 

within a grain disappeared and the Mo-enrichment (bright contrast) found 

in the cell boundaries is partly dissolved into the grain matrix, compare 

Figure 21(a) and 21(b).  The small cells are visually enhanced by the Mo 

enrichment at the thin boundaries and they represent the individual crys-

tallites cut perpendicular to their extended direction. The grain size is 

difficult to outline before equilibrium heat-treatment that will homoge-

nize the grain composition. Such a microstructure shows that the grains 

size is 200-300 μm, see Figure 21(b). In the latter SEM image still some 

Mo is enriched at the larger grain boundaries and very fine carbides pre-

cipitated at triple grain junctions, see Figure 21(c). During the heating 

cycle the stress induced by the rapid cooling at laser sintering is also re-

leased. All of these changes are un-reversible which contribute to the 

large, broad peak of spectrum in first heating run around 1280 K. A simi-

lar mechanical loss spectrum has been reported for silicon nitride based 

ceramics by Mehdi, et,al.
72

 A strong, broad peak is observed in the spec-

trum during the first, but not during the second heating. 
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Figure 22. The mechanical loss spectra at different heating and cooling 

rates are seen. 

 

The mechanical loss spectrum with different heating and cooling rate is 

also measured, see Figure 22. It is clearly seen that the two higher heating 

and cooling rates result in a larger hysteresis loop with increasing speed, 

which is typical for a reverse reaction when the speed is too high. The 

slowest temperature rate, that allows equilibrium to take place, has no 

similar hysteresis. A reversible transition exists around 1220K. By com-

paring with the equilibrium Co-Cr-Mo phase diagram at different temper-

atures the reaction is probably the phase transition between the ε phase 

and γ phase.
73

 

 

3.2.6 Electrochemical and bio-compatible properties 

 

The most popular application of the Co-Cr-Mo alloy is within the den-

tal manufacturing. The biocompatibility properties are of the central con-

cern for the dentist. All three laser sintering strategies (L20, R20 and R40) 

were optimized to ensure fully dense materials. The crystalline phases 

and microstructures were similar for all three laser melted Co-Cr-Mo 

alloys. The melting pool boundary is seen at high and low magnification 

in Figure 23 (a) and (b). Nevertheless, slight but significant differences in 

corrosion resistance and metal release were observed between the alloys, 
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c.f. Figures 24-26. The corrosion resistance was judged from i) the corro-

sion potential at the backwards scan compared with the forwards scan (if 

more negative, the alloy is less passive), and ii) from the height, shape, 

and number of “features” and “spikes” in the curve during the scan (the 

higher number, the lower is the corrosion resistance). The observed cor-

rosion resistance decreased in the following order: R40 > L20 > R20 > 

Cast, see Figure 24. The alloys showed a strong reduction in metal re-

lease rates with time. More than 23 % of the total amount of metals was 

released within the first 2 h of exposure in the fluids investigated. The 

alloys were relatively uniformly dissolved and disclosed the cellular mi-

crostructure without any local corrosion processes, Figure 25. Transpas-

sive dissolution of the cast alloy preferentially occurred either at grain 

boundaries or at micron-sized carbides present within the microstructure. 

 

 
Figure 23. SEM micro structural images of the etched R20 SLM fabricat-

ed Co-Cr-Mo alloy, displaying a typical melt pool boundary (a),  a side-

view (cross-section) of the microstructure of several stacked melt pools 

(b). 

 

 
Figure 24. Potentiodynamic polarization (anodically from -600 mV to 

1000 mV (vs. Ag/AgCl) and backwards (cathodically) of the SLM alloys; 
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R40 (a), L20 (b), R20 (c), and the cast (d) Co-Cr-Mo alloy, respectively, 

in 1 M NaCl. 
 

 
Figure 25. Optical microscopy images (20X and 50X) of typical corroded 

areas after potentiodynamic polarization in 1 M NaCl of the laser R20 

fabricated Co-Cr-Mo alloy (c, d) and the cast alloy reference (a, b). 

 
Figure 26. Released amounts (µg cm

-2
) of Co (a), Cr (b), Mo (c), and total 

(Co+Cr+Mo) metal (d) per geometric surface area, determined from their 

concentration in solution by means of atomic absorption spectroscopy 

(AAS), for the laser fabricated alloys (R40, L20, R20), and the reference 

cast Co-Cr-Mo alloy after 2 and 168h exposure in PBS (pH 7.3) and 

PBS+BSA (pH 7.3), respectively. The error bars (a-c) show the standard 

deviation between triplicate samples.  
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The laser sintered Co-Cr-Mo alloys showed suppressed metal release 

and improved corrosion susceptibility compared with a reference; a cast 

Co-Cr-Mo biomedical grade. The microstructure of the cast alloys very 

different compared with the rapidly cooled laser sintered alloys.
74,75

 The 

laser melted alloys undergo a rapid cooling process that results in an un-

der-cooled melt that suppresses the formation of the corrosion prone mi-

cron-sized carbides and the formation of the martensitic ε (hcp) phase 

during consolidation. The rapid cooling and the strong temperature gradi-

ent also induce the fine cellular microstructure with Mo enrichment the 

cell boundaries. Such an enrichment has previously been shown to be 

beneficial for the corrosion resistance of similar alloys.
76,77

 Comparable 

microstructures, as observed for the alloys in this study, have been re-

ported in the literature for laser melted alloys,
12,67,78

 for melt-spinned al-

loys,
73

 and for rapidly cooled powder.
79

 

The unique texture formed by the melt pool is believed to explain the 

observed differences between the differently fabricated lasers sintered 

alloys. The corrosion resistance decreased and the extent of released met-

als increased with an increasing number (and area) of laser melt pool 

boundaries at the surface. The results show that the optimization of laser 

scanning parameters can enable fabrication of Co-Cr-Mo alloys of im-

proved corrosion resistance and minimization of the released amount of 

metals for a given environment. 

 

3.3 Laser sintered zirconia ceramics with non-equilibrium structure 

 

Besides alumina, zirconia is one of most used ceramics in daily life for 

different applications. In addition, zirconia is one of the most stud-

ied ceramic materials as the toughness can be increased by alloying with 

other oxides like yttria (Y2O3). A comparison of the microstructure 

achieved by laser sintered zirconia and by traditional sintering is of spe-

cial interest to understand the laser interaction of a more complex ceramic. 

The rapid transformation between three different zirconia crystal struc-

tures that need no reconstructive changes, but a small shift of the atom 

positions creating cubic, tetragonal or monoclinic symmetry. The temper-

ature stability regions of these different phases also shift by dopant 

amount, but in the results reported below 3 mol% yttria was used. 

The ZrO2 beads before and after laser consolidation are shown in Fig-

ure 27(a) and 27(b), respectively. It can be seen that the ~0.3 µm sub-

grains gave an apparent grain size around 20-30 µm in the consolidated 

material. Because of the rapid laser scanning the solidification and result-

http://en.wikipedia.org/wiki/Ceramic
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ing grain structure is completed within one second. The achieved curved 

grain shapes signposts that the grain boundaries are under very high stress. 

The backscattered electron image and electron backscatter diffraction 

(EBSD) image of the grains confirm that inside each grain exist moderat-

ed crystal structure orientations, which origin from submicron domains of 

different tetragonal variants, see Figure 27(b, c). 

 

 
 

Figure 27. The ZrO2 powder beads before sintering are illustrated by 

SEM images in (a) with the inserted high magnification image of the 

surfaced showing the ~0.3 µm sub-grains. The backscattered electron and 

EBSD image of the polished surface of a laser consolidated ZrO2 material 

is found in (b, c). 
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Figure 28. (a) The high magnification SEM image by secondary electrons 

and (b) the exposed TEM image at a grain boundary area of laser consol-

idated ZrO2. The circles marked in the TEM image correspond to the 

selected areas for inserted electron diffraction patterns. The yellow and 

red circles are inside two separate grains while the green circle is within 

the grain boundary area marked by arrows. 

 

The high magnification SEM and TEM images of grain junctions are 

seen in Figure 28(a) and (b), respectively. By SEM the overall grain 

shape and a ~50-100 nm thick grain boundary zone between adjacent 

grains can be distinguished, see Figure 28(a). Further, detailed TEM stud-

ies confirmed the unusual wide less-ordered grain boundary zones found 

in these dense materials, see in Figure 28(b). The corresponding electron 
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diffraction pattern of the grain boundary area gives mainly a polycrystal-

line signature. Inside the grains, the diffraction pattern of each nano-sized 

domain generally shows a single crystal signature, thus of a crystallite. 

These crystallites are not perfect, however, as additional diffraction spots 

are found within the main diffraction pattern; see Figure 28(b). We con-

firmed that these additional diffraction spots are not coming from the 

three possible tetragonal variants. 
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Figure 29. High resolution TEM images of laser sintered ZrO2 nano-

structures obtained from laser consolidated specimens. In (a) and (b) an 

Ar-ion polished slice is exposed. The FFT patterns at different sub-grain 

areas are marked by the three circles with corresponding colors inserted. 

In (c) the electron transmission through a very thin fragment edge is rec-

orded. 
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From high resolution TEM images it was found that the laser consoli-

dated ZrO2 is built by stacking of nano-crystals with a size around 10 nm, 

as seen from an Ar-ion polished slice in Figure 29(a). Fast Fourier Trans-

form (FFT) images established that the nano-crystals are aligned substan-

tially in the same direction. In order to get rid of any possible artifact 

introduced by the Ar-ion polishing process, images were also captured 

from very thin fragment edges with less overlapping crystallites, see Fig-

ure 29 (c). The lattice contrast implies a random nano-domain orientation 

and the size of observed domains is similar to that in Ar-ion milled slices. 

Finally, thin fragments (of a specimen crushed in a mortar) are believed 

to represent the grain boundary where the nano-crystal orientations are 

much more random, cf. Figure 29(b) and 29(b).The size of the nano-

crystal elements (~10 nm) is notable as it is much smaller than the origi-

nal grain size (~0.3 µm). 

There are two magnitudes of microstructures found in the laser sintered 

zirconia. At micron scale, a modulated structure was formed within the 

large grains by the cubic to tetragonal phase transition.
80

 This was mani-

fested by the herringbone structure inside these grains observed by SEM 

in back scattered electron images and EBSD. At a nano-meter scale, the 

grains were built by the assembling of nano-crystals, as revealed by HR-

TEM. Although the observed intergrain modulated structure has been 

reported for ZrO2 by phase transformation during long aging times, this 

still conflict with our laser conditions. In addition, the thick grain bounda-

ry and unique nano-structure cannot be well explained by traditional the-

ory.
81,82,83

 A new mechanism is proposed based on the unique heating 

history in the laser sintering process. The grains may have been fractured 

in a great number of these crystal fragments that is small even compared 

with ordinary so called “ultra-fine grained materials”.
84,85,86,87

 The high 

laser energy input during short time (shock-heated) should be the main 

reason for the formation of such nano-structures. 

 

 
 

Figure 30. The initial ~0.3 µm crystals are illustrated with one crystallo-

graphic direction marked in (a). Laser energy gives extreme heating and 
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rupture in ~10 nm randomly oriented crystallites within a solid grain in 

(b). After the instant rupture-assembling process new apparently 20-30 

µm large “grains” with ~10 nm domains form separated by unusual wide 

(~50-100 nm) less-ordered zones in (c). 

 

Zirconia itself is almost optical transparent in the Nd:YAG laser wave-

length (1064 nm) and non-linear absorption is the cause for the unevenly 

heated and fractured ZrO2 crystals. This kind of absorption is strong by 

the presence of any defects, such as color centers, and the widely varied 

heating create huge thermal stresses that rupture the structure. It might 

also result in local partial melting at the defect position inside a grain that 

is different from other heating methods. Thus, initial micron-sized ZrO2 

crystals will rupture vigorously into a huge amount of nano-crystallites 

(or partially melted crystallites), see schematic illustration in Figure 30(b). 

This is an extremely unstable situation with considerable amounts of free 

crystal surface energy. An instant, strong strive to reduce the total surface 

force the assembling of nano-crystallites into crystallographic compatible 

arrangements. The high temperature present provides enough kinetic 

energy for the crystallite adjustments by movements and rotations. Owing 

to the following rapid cooling process, the nano-crystals bind by interfa-

cial atomic bonds or adhesion into non-equilibrium arrangements, see in 

Figure 30(c). This ordered coalescence of nano-crystals results in grain 

growth and will freeze the nano-structure inside the new micron-sized 

grains. Between the ordered grains the remaining nano-crystals are con-

centrated within a “grain boundary zone”. The crystalline orientation 

seems random and this zone becomes very much thicker than a normally 

sintered glassy grain boundary.  

In summary, laser sintering of zirconia created a huge amount of rup-

tured ~10nm crystallites in solid state. An instant ordered coalescence 

gave new apparently large grains of size ~20-30 µm in a non-equilibrium 

solid material, where each grain was composed of assembled ~10 nm 

crystal domains. Thus, the final product had a hierarchical nano- and 

micron-microstructure. 

 

3.4 The reduction properties of laser sintered zirconia 

 

Using an Ar atmosphere (oxygen<0.13%), the prepared laser sintered 

zirconia always become black; indicating a slight reduction. The original-

ly white zirconia material was reduced by some oxygen leaving and 

forming unpaired electrons in the lattice absorbing visual light. This reac-

tion might be expressed by the following general equation: 
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22 2/1322 OOVZrZrO OoZr  
 

 

Here, the 


oV
 
means charged oxygen vacancy, the 



ZrZr  symbol indi-

cate that Zr
4+

 is reduce to Zr
3+

  

After heat treatment in oxygen at 700
o
C for one hour, the colour of la-

ser sintered zirconia turn from black to white. The XRD patterns for 

“white” and “black” zirconia samples are identical. The obtained tetrago-

nal unit cell parameters (Si standard) are: laser sintered sample a = 3.607, 

c = 5.165, V = 67.2 Å and the laser sintered ZrO2 after annealing a = 

3.609, c = 5.168, V = 67.3 Å. 

In order to investigate the chemical reaction during the laser sintering 

process, a thermo gravimetric analysis (TGA) of the black zirconia was 

run in pure oxygen (1 bar) until the weight gain stopped. The sample 

became white again and a small weight difference (increase) shows a 

slight reduction of zirconia. Calculated from the TGA curves, the laser 

sintered ZrO2 is reduced to ZrO1.969. 

 

Figure 31. The EPR spectrum of laser sintered zirconia before (red) and 

after annealing (blue). Potassium chloride (KCl) powder is measured as a 

reference (black curve). 

 

The sharp EPR signal seen around the magnetic field strength 3500 G 

hints the presence of paramagnetic electrons assigned to Zr
3+

. Three 

broad overlapping peaks are seen at lower magnetic fields. The two first 

are weak and broad seen at the left increasing shoulder of the more signif-

icant peak. It signals the presence of unpaired electrons found in crystal-
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lographic very disturbed environments, but need further examination. 

Such kind of board peak have been found for nanostructured crystals.
88

 

As we discussed above, the laser and material interaction process re-

sulted in a hierarchical structure. At nano-scale, the crystal boundaries of 

ruptured nano-crystallites are areas where the melting and consolidation 

occurred. This ordered coalescence of nano-crystals also results in grain 

growth and will freeze the nano-structure inside the new micron-grains. 

After an ordered coalescence process, the defects would preferential be 

found in the formed nano-crystal boundaries between disordered crystal-

lites, broken chemical bonds or Zr at a lower valence state (Zr
3+

). The 

boundaries are having most distortion of the crystallite lattice compared 

with the more ordered within grains. The large grain boundaries become 

the “defect enrichment area”, which are exemplified by the wide contrast 

in the second electron and TEM images found in Fig. 28. 

A low temperature (600 
o
C) annealing of an undoped ZrO2 in vacuum 

has been examined recently by EPR.
82 

The very small oxygen reduction 

was accommodated mainly at grain boundaries by Zr
3+

 sites and electrons 

in oxygen vacancies (F-type) and a few intrinsic defects. The material 

composition and, especially, the temperature are far from the laser sin-

tered zirconia, but the results might indicate the way ZrO2 is reduced. 

 

3.5 The advantage of laser sintering in fabrication of materials with non-

equilibrium structure 

 

The laser/material interactions occur in two different ways, as linear or 

non-linear absorption. Precursors of defect-free crystals are rare, which 

normally are considered as ideal models for a simple linear absorption 

behavior. In reality, the absorption of light energy is influence by many 

factors. Polycrystalline precursors, for example, usually contain micro-

structural defects, impurities or grain boundaries that greatly initiate line-

ar absorption. When the non-linear absorption occurs during the high-

energy laser beam irradiation is depending on the laser wavelength and 

intensity. The laser beam can penetrate deep into the bulk material. Even 

when the crystal is optical transparent to the laser wavelength, the laser 

energy still have chances to be absorbed within the bulk with non-linear 

absorption. Thus, heating may not start from the top of a powder bed or at 

the surface of individual granules/grains as found for traditional heating 

methods. Heating at a defect will generate strong local temperatures and 

thermal induced stresses by thermal expansion. This complexity of ener-

gy absorption results in inhomogeneous heating. 
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The melting and sintering process is also sensitive to the materials 

thermal conductivity, thermal capacity and precursor particle size. As a 

result, the rapid heating is not homogenous at different length scales, 

which might induce structural changes at different length scales in a solid 

material. In addition, laser sintering will allow the existence of a special 

“partial melting state” where an unmelted solid have movement freedom 

at high temperature by Brownian motion. Rapid cooling process is also 

powerful to tailor the microstructure. Strong super cooling would induce 

solute precipitates and a crystallization behavior that deviate from the 

equilibrium state. Thus, during both a rapid heating and rapid cooling 

process the laser sintered material can form non-equilibrium structures. 

Further, the laser scanning track would form a weld-line structure on 

macro scale that give engineered structural hierarchies. 

      The material itself, like composition, physical properties and its high-

temperature modifications might play an important role. The single-phase 

alumina precursor, with the Al2O3 corundum structure, has no high-

temperature modifications before melting. It will be less prone to form 

non-equilibrium structures by laser sintering before melting. It cannot be 

excluded, however, that adjusting the laser conditions to extreme shock 

conditions a rupture in nano-fragments will occur. Being an oxide ceram-

ic, polycrystalline alumina still has a large thermal expansion coefficient 

of ~8.1x10
-6

cm
-1

 and a thermal conductivity of ~28 Wm
-1

K
-1

. This is 

causing a lot of well-known problems in fabrication of large volume 

components of engineering alumina ceramics by small thermal cracks 

reducing the strength. Yttria-doped zirconia has a very high thermal ex-

pansion coefficient of ~10.3 x10
-6

 cm
-1

 and in combination of poor ther-

mal conductivity of only ~2 Wm
-1

K
-1 

will creates a lot of local stresses 

well above the strength of the material. The partial melting and high local 

stresses is critical for rupturing the zirconia precursor into nano-

fragments, well demonstrated above. The zirconia was doped with yttria 

and has both tetragonal and cubic modifications before melting. In addi-

tion, zirconia is prone to lose some oxygen, like other transition metal 

oxide as TiO2 or V2O5 in reduced atmosphere at high temperature. The 

presence of unpaired electron sites in the two latter oxides are used for 

different catalytic purposes and this should be further examined also for 

the laser sintered zirconia with its unique structure and large grain bound-

ary areas available for catalytic reactions. For multi-composition material, 

such as the Co-Cr-Mo alloy discussed above, the precipitates and crystal-

lization behavior are strongly affected. The finer cellular structure with 

Mo enrichment at the cell boundary is evidence for a non-equilibrium 

process. 
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4. Summary 

This thesis is focused on high-melting materials fabricated by laser sin-

tering techniques. It is shown that the laser sintering technique is a pow-

erful tool in fabricate materials with non-equilibrium structures. In order 

to well control the complex laser sintering process, a real-time monitoring 

is explored for selecting the correct laser parameters of materials. The 

real-time monitoring of temperature profiles, spectrum profiles and sur-

face morphologies were evaluated in an off-axial setup for controlling the 

laser sintering process. 

The laser sintering is a unique solidification method compared to other 

traditional sintering/melting methods; the laser beam can heat up the ma-

terial extremely rapid. The complexity of laser and material interaction 

process, especially the absorption behavior, induce inhomogeneities in a 

laser sintered material. Each layer is built rapidly in a layer by layer man-

ner to form a 3D-component. Laser sintering technique is a bottom up 

approach and the CAD/CAM software can both design the component 

and it rules the laser beam scanning track. The whole 3D component will, 

however, need time to be finished. This is not a major drawback as the 

process is ruled automatically by CAM, which allows simultaneous fabri-

cation of several components at each sintering table. New structures at 

nano- and micron-length scales are thinkable and the movement of a melt 

pool may form a macro scale “weld line” structure in a millimeter scale. 

The combination of a unique macro-structure formed by the weld lines 

(“weld line” structure) and the microstructure in nano-or micro-meter 

scale during solidification, a heterogeneous structure at different length 

scales could be realized in a single operation. 

The possibility to fabricate materials with unique hierarchy structures 

have been demonstrated for both metal and ceramics by laser sintering. In 

Co-Cr-Mo system, three levels of structural hierarchies was observed, 

namely i)nano-level structures dominated by the grain boundary segrega-

tion; ii) micron-level structures characterized by the interlocked cluster of 

columns; and iii) macro-level structures defined by the selected laser scan 

patterns. The induced hierarchical structures in Co-Cr-Mo alloy are relat-

ed to mechanical, corrosion and biocompatibility properties. 

In ZrO2 ceramics the final product had a complex non-equilibrium 

nano- and micron-sized structure. The unusual structure inside the mi-

cron-sized grains is formed through ordered coalescence of nano-crystals. 

These were created by uneven absorption of laser energy and subsequent 

fracture. All of these results imply that the laser sintering method is capa-

ble in fabricating highly heterogeneous and non-equilibrium structures. It 
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opens up further possibilities for tailor the materials properties by con-

trolling the structures in different levels. 
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5. Outlook 

Obviously, laser sintering will play an important role in the future in-

dustry because of its excellent prototyping ability. Monitoring is efficient 

way to optimize the laser sintering process. It is likely that monitoring 

will expand the number of materials that will be laser sintered. Sintering 

of high-melting point metals and ceramics is a priority task and new 

products will come into industrial fabrication. This technique also pos-

sesses a powerful way to tailor the microstructure of a solid material. 

Highly heterogeneous materials with engineered structural hierarchies 

can be fabricated in different material systems. The material properties 

are strongly related to the microstructure and the ability of forming new 

non-equilibrium structures will increase the potential for tailored applica-

tions. The presence of unpaired electron sites created in transition metal 

oxides after laser treatment should be further examined for zirconia and 

other metal oxides and used for different catalytic reactions. Having the 

electron sites preferable within the large grain boundary areas might give 

an effective catalyst. 
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