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Introduction 
In 1981 the idea of fabricating a plastic object layer by layer was first published [1].  
A few years later, in 1984, stereolithography, the first 3D-printing technique  was 
invented [2]. Almost a decade later, in 1992, the world’s first selective laser sintering 
(SLS) machine was produced. The main idea was in using of powder feedstock instead 
of liquid photopolymer and applying laser exposure in order to sinter powder particles. 

The proposed technology was slow and had many quality problems, but its potential 
was undeniable. From that time on, the additive manufacturing (AM) technology was 
developed and adapted for producing fully dense metal parts, some types of ceramics, 
etc. However, the full potential of AM is still unfolding and plenty of related 
engineering challenges have remained unsolved. 
During the last 15 years, AM technology has shown a rapid development. Progress in 
additive manufacturing has made it possible to produce complex geometrical shapes 
such as cellular lattice structures [3–5]. These structures have a great industrial 
potential. The lattice structures can increase the efficiency of aerospace parts by weight 
reduction, which leads to reduced fuel consumption [6] as one of the aspects.  
Also, lattice structures reduce production time of medical implants, they can improve 
the material properties by acting in the role of reinforcing frame in IPCs [7,8]. However, 
their full potential has not been disclosed yet. Application areas of such lightweight 
lattice structures can be expanded, first of all, by understanding the lattice 
performance in specific working conditions. They can be beneficial in tribology [9] and 
thermoacoustics [10].  

Extension of the lifetime of the parts is an important task. It can be achieved by 
providing low friction coefficients or high wear resistance of the material or 
simultaneous combination of both. 

 Precise control of the lattice geometry is vital for thermoacoustic applications.  
Thin struts combined with low thermal conductivity should improve thermoacoustic 
performance.  

AISI 316L, one of the most common materials for metal AM, was considered 
perfectly suitable in the initial stage of investigations due to high manufacturability.  
In order to solve initial challenges for the application of the lattices, it is required to 
conduct the thermoacoustic parametric studies. For tribology, the patterning of the 
surface with cellular lattice structures should be tested. AM is not widely spread in 
mass production due to slow production speed and high cost. A possible solution to 
overcome this problem is to combine the conventional fast and cheap production 
process with AM in order to add lattice structures to the green part only in the places 
where necessary. Directed energy deposition (DED) provides the possibility of 
manufacturing cellular lattice structures on the surface of a green part with the almost 
arbitrary initial shape. It gives a capability for combining traditional production 
techniques with AM, which can be time and cost efficient. 

Lattice structures made from ceramic or metal-ceramic should increase both wear 
resistance and thermoacoustic performance. However, the fabrication of ceramics or 
metal-ceramics via direct AM is a difficult and challenging task. That is why a two-step 
approach was introduced in this work. Additively manufactured cellular lattice 
structures were post-treated by nitriding and carburizing to obtain a metal-ceramic 
composite. 
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1 LITERATURE OVERVIEW 
This chapter provides a theoretical background of the powder based additive 
manufacturing (AM) process and the production of complex geometries such as lattice 
structures. Materials, microstructure, methods of manufacture, challenges, 
applications, and costs will be covered. A brief AM history and recent trends in the area 
will be presented. 

1.1 Additive manufacturing techniques for the production of cellular 
lattice structures 
The main advantage of additive manufacturing is its ability to produce parts with 
complex geometrical shapes that cannot be produced by traditional manufacturing 
techniques and processes such as casting, forging, injection molding, welding, etc. 
[11–13]. General classification of AM techniques is presented in Figure 1.1. 
The AM methods used in the present study are highlighted in red. 

Melt-extrusion techniques extrude a material through a nozzle onto a build platform. 
The moving elements follow a predetermined path building layer-by-layer. The moving 
element can be a nozzle or a nozzle and a platform simultaneously. Fused deposition 
modelling (FDM) is the most popular and widespread 3D printing technique. 
FDM builds parts using solid thermoplastic filaments. The raw materials for some FDM 
machines can also come as granulated feedstock.  

Photosensitive techniques use a photopolymer resin sensitive to the light of a 
specific wavelength. The light influences a liquid polymer and solidification happens 
due to a chemical reaction called photopolymerization. In specific cases, it allows 
building up the whole layer at a time and drastically increases the building speed. 
This process can be also performed continuously without pauses between layers. 

One of the powder based techniques is binder jetting. It uses a binding agent 
distributed onto a powder bed to build a solid component layer-by-layer. Usually the 
powders are ceramics or metals. The print head moves over the powder bed, 
depositing binder droplets. The process of printing is very similar to regular paper 2D 
printers that are using inks. After the process, the formed green parts require 
additional post-processing. Often the parts have to be infiltrated by another material 
(e.g. bronze) to achieve the full density.  

Powder Bed Fusion (PBF) produces a solid part using an energy source that causes 
the fusion (sintering or melting) among the metal or plastic powder particles. A thin 
layer of powder is spread, followed by the fusion process until the whole part is 
fabricated. After the process, the final component has to be extracted from the powder 
and separated from the building platform if needed. As an energy source, lasers or 
electron beam guns are employed.  

Directed energy deposition (DED) creates parts by melting powder material or wire 
using a laser as an energy source. The powder is delivered through the nozzle and 
interacts with the laser beam. Quite often it is also referred to as laser metal deposition 
(LMD). Figure 1.2 gives a general overview of the lattices produced by different AM 
techniques. A general view can provide a rough estimation of the printing resolution, 
the quality of the parts, surface roughness and defects. 
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Figure 1.1 General classification of AM techniques (adapted from [14]). 

The present study is focused on the AM processes that use a laser beam as an 
energy source. The reason behind this is the ability of employing a pulsed laser scanning 
strategy which can provide the smallest features. The EBM was not considered for such 
applications in this study. 

Figure 1.2 General view of cellular structures produced by different AM techniques, SLA (a)[15], 
FDM (b)[16], 3DP(c)[17],SLS (d)[18], SLM (e)[19], and DED (f) [20].  

1.1.1 Powder based additive manufacturing  
Metal AM system may be classified/categorized in terms of the material feedstock, 
energy source, build volume, etc. [21]. In terms of the material feedstock, metallic AM 
systems are preferably powder or wire based. Powder based AM may be divided into 
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powder bed and powder feed systems. Each one has its own advantages and 
disadvantages that define their possibilities and limitations in industrial application.  
A generic illustration of powder bed and powder feed processes is presented in 
Figure 1.3. 

The work principle of the powder bed systems is illustrated in Figure 1.3 a. The main 
advantage of powder bed systems over powder feed systems is the ability to produce 
high-resolution features, internal elements, and ability for precise dimensional control. 
The main disadvantage is the low speed of the process. 

In the powder feed systems, the powder is delivered through a nozzle and 
simultaneously irradiated by a laser beam, and is deposited on the building substrate 
(Fig. 1.3 b). A single layer consists of a set of melted tracks. The process is repeated 
layer over layer in order to build a final three-dimensional part. The main advantage of 
the powder feed process is large build volumes, high production speeds and the ability 
to be used for recovering and repairing of worn or damaged components. The main 
disadvantage is the low resolution and the necessity for mechanical post treatment. 
Two main scanning approaches, modulated or continuous laser scanning, can be used. 
Figure 1.4 illustrates both of the approaches schematically. The modulated mode can 
also be named as a pulsed laser mode. It is realized by performing a series of laser 
exposures with a certain distance between them. Each exposure spot has to overlap 
the previous one partially. 

Figure 1.3 A generic illustration of the powder bed (a) and the powder feed (b) processes [21]. 

The continuous mode operates a laser such that the laser continuously melts the 
whole line (track). The scanning tracks overlap with each other, so that each next track 
partially re-melts the previous one. The powder feed systems are easier to operate in a 
continuous laser scanning mode while powder bed systems are operated by a 
modulated laser mode. 
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Figure 1.4 Schematic illustrations of the scanning tracks by modulated (a) and continuous (b) 
laser. 

Selective laser melting is the powder bed process used in the present work. SLM 
process parameters generally define the quantity of laser energy applied to the powder 
bed and the speed of the process. The main process parameters are:  

• Laser spot size 
• Laser power (LP) 
• Scanning speed (in the present machine defined as point distance (PD) to exposure 

time (ET) ratio) 
• Hatch distance 
• Layer thickness 
In the general case, the operating window of the process parameters can be defined 

for each specific material. The material density is the main indicator of the quality of 
the produced part and the efficiency of the process parameters.  

The basic idea of the selection of the process parameters is presented in Figure 1.5. 
Low laser power leads to insufficient penetration of the laser energy in the powder 
layer, which leaves unmelted powder between layers (pointed as 1 in Fig. 1.5). It results 
in a printing job failure or weakness in the component. By caption 2 in Figure 1.5, 
efficient processing inside the so-called operating window is defined. An operating 
window is an optimal combination of the scanning speed and the laser power. 
Increased laser power and intense laser spot lead to forming a deep cavity, also known 
as keyhole effect (3 and 4 in Fig. 1.5.). If the cavity is large, it causes gas trapping in a 
pore below the solidified metal surface. Extremely fast scanning speed provides an 
unstable melt pool (Fig. 1.5, caption 5).  
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Figure 1.5 Process parameters selection for obtaining solid models via SLM (adapted from [22]). 

High build rates, which can be provided by powder feed systems, matter for the 
production of large volumes [23]. Building rate and feature definition are closely linked 
to each other. The dependence is illustrated in Figure 1.6. These are also defining the 
surface quality of the part.  

Figure 1.6 General relationship between the build rate and the feature definition [21]. 

A laser metal deposition, the directed energy deposition powder feed process, was 
used in the present study. The main process parameters for LMD are:  

• Laser spot size
• Laser power
• Scanning speed
• Powder flow rate
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These parameters define the single track geometry. Hatch distance and layer 
thickness depend on the single track geometry. 

1.2 Cellular Materials 
A cellular solid material is necessarily composed of two phases, one continuous solid 
phase and the other either continuous or discontinuous gaseous phase. The presence 
of a gaseous phase makes cellular materials lighter than their former solids. This simple 
fact involves weight reduction together with a diminution of the amount of raw 
materials employed, which, in many cases, implies costs savings [24]. Examples of such 
materials are shown in Figure 1.7. Nowadays, different cellular structures can be 
produced by various industrial methods. 

Figure 1.7 Examples of cellular structures: honeycomb structure (a), open cell (b), and closed cell 
(c) foam [24]. 

Figure 1.8 Properties of cellular materials [24]. 

Cellular materials exhibit a unique set of properties that regular solids cannot 
achieve. The specific characteristics include low thermal conductivity, high energy 

 

 

Compression strength / 
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absorption and high acoustic absorption. Figure 1.8 summarizes the properties of 
cellular materials in comparison with solid materials. 

1.2.1 Classification of cellular materials 
Classification of cellular materials may be composed of various factors. The overall 
cellular materials can be classified by origin into two main categories: natural and 
artificial. The main representative examples of natural cellular materials are wood, 
cork, human bones, etc. Artificial cellular materials are industrially produced  
(e.g. foams). By periodical characteristics, they may be divided into prismatic  
(two-dimensional, where the unit cell is translated in two dimensions) and  
three-dimensional (characterized by three-dimensional periodicity) materials. The most 
popular classification of the pore type divides such materials into open and closed 
cellular structures. The open cellular structure is characterized by a continuous gas 
phase inside the solid one. The closed cellular structure keeps the gas inside the pores, 
so the solid phase is continuous and a gaseous phase is discontinuous. However, most 
of the produced cellular materials are characterized by the presence of open cellular 
and closed cellular pores simultaneously. Cellular materials also differ in porosity 
distribution. Materials which do not have a single unit cell and are characterized by 
random porosity distribution (e.g. foams) are called stochastic. Cellular materials 
characterized by the presence of a unit cell that is translated in the space are referred 
to as periodic structures. The specific geometry of cellular materials can add additional 
restrictions to the production route etc. For example, the concept “foam” refers to 
materials obtained from a liquid state (molten material) and a random porous structure 
should be provided. Cellular lattice structures in contrast to foams have ordered and 
precisely controlled geometry that requires a specific production method. The most 
efficient way to obtain such structures is additive manufacturing. Figure 1.9 represents 
the classification and the place of cellular lattice structures in there. 

Figure 1.9 Classification of cellular materials. 

1.2.2 Cellular lattice structures 
Light-weight metal cellular lattice structures are a unique type of materials. Lattice 
structure is a type of so-called architecture material, which is a combination of a 
monolithic material and empty space. It is generating a new structure characterized by 
the equivalent mechanical properties of a new monolithic material [25]. Lattice 
structures typically exhibit higher structural strength per unit weight than typical foam 
structures [26]. Periodic metal cellular lattice structures can provide advanced 
multifunctional, high value performance of engineering and medical products.  

From a mechanical engineering viewpoint, the concept of decreasing mass by 
topology optimization can be easily achieved. Using the material only in the places 
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where it is needed for a specific application can decrease the weight of the product as 
well as raw material consumption. Ability of energy absorption by such materials is 
another point of interest. The geometry of the cellular lattice structures has a 
significant influence on their properties. A bright example is structured with negative 
Poisson's ratios [27].  

From a medical viewpoint, cellular lattice structures can provide precise control of 
pores geometry and properties. Precise control of pores geometry and size provides 
new possibilities in biocompatibility and biomimicry of bone structures.  

One of the main mechanical characteristics of lattice structures is compressive 
strength and modulus, which strongly depends on cell topology and relative density. 
Dependence of lattice properties on relative density is described by the Gibson-Ashby 
model [28] for open cellular materials and can be expressed as follows: 

 
𝐸𝐸
𝐸𝐸0

= 𝐶𝐶𝐸𝐸 × (
𝜌𝜌
𝜌𝜌0

)2                                                            (1.1) 

 
𝜎𝜎
𝜎𝜎0

= 𝐶𝐶𝜎𝜎 × �
𝜌𝜌
𝜌𝜌0
�
1.5

                                                         (1.2) 

 
where E is compressive modulus, 𝜌𝜌 is density and 𝜎𝜎 is compressive yield strength of an 
open cellular lattice structure. E0, 𝜌𝜌0 and 𝜎𝜎0 are the elastic modulus, density and 
compressive yield strength of fully dense materials, respectively. 𝐶𝐶𝐸𝐸 and 𝐶𝐶𝜎𝜎 are the 
constants and can be calculated based on the experimental results. 

Editing the unit cell geometry allows controlling the strength of the cellular lattice 
structures [29]. 

1.2.3  Materials for lattice production by SLM 
Cellular lattice structures have been widely produced by powder bed additive 
manufacturing from a wide range of materials. The production of cellular structures by 
powder feed additive manufacturing systems has not been widely reported.  
The majority of the studies are attributed to fabrication of lattices from metals.  
A number of investigations were performed with lattices obtained from stainless steel 
316L [30–32],  AlSi10Mg [33,34] and Ti6Al4V alloys [35–37].  

All materials listed above are widely spread classical alloys for additive 
manufacturing. However, attempts to obtain lattices from not typical AM alloys have 
also been reported. Ramirez et al. described the systematic fabrication of various Cu 
open cellular mesh and foam structures using electron beam melting (EBM) [38]. 

However, information regarding powder bed fusion of metal-ceramic or ceramic 
lattice structures is scarce. Only a few successful attempts have been reported with the 
use of metal-ceramic powder mixtures for SLM of solid parts. TiC/Ti nanocomposites 
were successfully produced using SLM [39–41]. The maximal value of TiC addition was 
22.5 wt.%. The optimal TiC content was defined at 12.5 wt.%, which corresponds to 
98.3% density, TiC content above 17.5 wt.% leads to the decreased hardness and 
reduced wear performance. Ongoing research work in that direction is active. Han et al. 
investigated the preparation of advanced Al-Al2O3 nanocomposite powder for selective 
laser melting by ball-milling [42]. 

Pure ceramics are difficult to process by direct SLM printing due to high heating and 
cooling rate during the process and the resulting thermal stresses that tend to cause 
cracks in the material [43]. Another challenge is to achieve full density material. Due to 
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this, ceramic materials are mostly produced by indirect additive manufacturing [44–46], 
which requires a second step after 3D-printing of the part.   

1.2.4  Thermochemical treatment  
The surface hardening or thermochemical treatment can be applied in order to increase 
the hardness on the surface and keep the initial metal viscosity in the internal volume 
of the part. As compared to surface hardening, thermochemical treatment has several 
advantages [47]: 

• There is no part shape limitation, which allows treating parts with complex 
geometry.  

• More significant differences exist in the surface properties and internal volume. 
• Overheating is not critical. 
• The penetration depth is usually controlled by the thermochemical treatment 

duration.  
Carburizing of steels is a process of the surface saturation with carbon. Generally, 

the process is conducted at the temperatures from 900 to 970 °C. The increase in the 
temperature leads to a significant increase in the penetration depth (Fig. 1.10). 
Nitriding is a process of the surface saturation with nitrogen. Usually, the process is 
carried out at the temperatures 500-600 °C in ammonia atmosphere. The process of 
nitride layer creation is about 10 times slower than carburizing due to low 
temperatures of nitriding [48]. The process can be speeded up by the temperature 
rising. However, it leads to the hardness decreasing (Fig. 1.10).   
 

Figure 1.10 Dependence of penetration depth and properties on treatment duration  (adapted 
from [47,49]).  

1.3 Current and potential applications of cellular lattice structures 
A question about the main benefit of producing complex geometries recently provided 
by AM arises. To answer this question, it is required to point out the main application 
areas. Engineering and medical direction can be considered as main application areas of 
lattices. One of the most important applications of lattice structures in engineering is 
decreasing the part weight by topology optimization when in medicine they are used in 
implant production. Current applications of cellular lattice structures are described in 
detail below.   
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1.3.1 Topology optimization 
Minimizing the material use of the weight of the parts is an important task for many 
engineering challenges. Figure 1.11 provides a schematic illustration of the route of 
part’s topology optimization by applying the lattice structure and AM. To achieve it for 
a specific part, it is essential to consider first the functional volume (FV) of the part and 
functional surfaces (FS) based on an analysis of the functional requirements. FV can be 
further decomposed into several sub-FVs. These sub-FVs can be divided into two types: 
FV with solid and FV with lattice structure [50]. The final part will have reduced weight 
without compromising the required mechanical properties.   
The concept of FV and FS is shown in Figure 1.12. The FV and FS represent the 
geometrical elements designed for certain functional purposes. FS is defined as a 
surface that fulfils a certain functional requirement. In the figure, skin of the airfoil with 
a certain thickness provides the lifting force for aircraft. However, the internal volume 
of the part can provide required mechanical properties without fully dense material 
[50]. Such approach can be used in the most of engineering tasks, for aerospace, 
military [27], robotics [13] etc. 

 

 
Figure 1.11 Schematic illustration of the part’s topology optimization by use of the lattice 
structure (adapted from [50]). 
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Figure 1.12 The concept of FV and FS of the part [50]. 

Topology optimization is applied to reduce the weight of the part for specific load 
conditions. It is beneficial in aerospace and highly required in drone production where 
weight is an essential issue.     

1.3.2 Periodic interpenetrating phase composites (IPCs) 
There is an increased scientific and industrial interest related to fiber reinforced [51,52] 
and 3D composite materials [53,54]. [53,54]. Cellular lattice structures can be used as a 
reinforcement wireframe to so-called periodic interpenetrating phase composites, 
materials with co-continuous phases that interpenetrate each other in such a way that 
if one of the phases is removed, the remaining phase will form a self-supporting cellular 
structure [55]. The main idea of IPCs is illustrated in Figure 1.13. A number of 
investigations have been performed on the IPCs in recent years [7,56,57]. Such 
composites exhibit a number of interesting properties including, perhaps most 
significantly, a strain to failure that is an order of magnitude greater than that of a 
monolithic material. It was shown how to achieve specific properties by controlling the 
volume fraction and the topology of the reinforcement [57].  

Figure 1.13 Illustration of IPCs with different unit cells (adapted from [55]). 
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1.3.3  Medical application 
For almost fifty years, porous coatings were used to create the surface roughness and 
porosity in the orthopaedic implants for improving connections with tissues of the 
surrounding bone and  providing bone tissue ingrowth [58–60]. However, 
contemporary metal additive manufacturing techniques allow producing implants for 
humans and animals using the lattice structures. Applying lattices allow achieving the 
modulus values of the implant close to the bone modulus which protect it from 
destruction with the time. Porous structure allows tissues to grow inside the implant 
and decreases the biomechanical mismatch between the implant and the surrounding 
bone. Also, the lattice can be fulfilled by bioactive components to stimulate the tissue 
ingrowths and regeneration. Such implants are already applied in the medical industry 
(Fig. 1.14). Wider distribution is also seen in veterinary (Fig. 1.14 b, c) due to simpler 
regulations and easier process of market entering for the companies.  

Deposition of antibiotics on the developed surface of the lattice structure can 
provide a local drug delivery and make the healing process much faster [61]. Yao et al. 
reported about the successful fabrication of highly porous scaffolds using Bioglass 
powder and coating them with polycaprolactone and vancomycin-loaded chitosan to 
impart a local drug release capability. The coatings increased the compressive strength 
of initial scaffolds about three times and decreased drug releasing time from 24 to 11 
days [62]. In the recent study [63] drug releasing time was increased even to 28 days. 
This provides uniform local drug delivery during the whole regeneration process.  

Cellular lattice structures have disclosed new possibilities for improvements and 
simplifications in the production of implants and surgery.  

   

Figure 1.14 Knee implant for a human (a) [64], X-ray image (b) [provided by Rita Leibinger 
Medical] and general view (c) of TTA implant for a dog produced by Rita Leibinger Medical.  

Figure 1.15 illustrates the 3D model and 3D printed implant for the human bone 
produced at Tallinn University of Technology (TalTech) and implanted in East Tallinn 
Central Hospital. The implant was customized especially for the patient who lost part of 
the bone. The coarse lattice structures were employed in the design.  
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Figure 1.15 3D model (a) and printed implant (b) for the human bone produced in TalTech.   

1.3.4 Potential application of cellular lattice structures in thermoacoustics  
Thermal-to-acoustic power conversion has been effectively reproduced in Rijke and 
Sondhauss tubes since the 1850s [65]. Lord Reyleigh described this effect as the result 
of providing heat to acoustic waves at the moment of greatest condensation and 
detracting heat at the moment of greatest rarefaction [66]. Rott was the first to publish 
the governing equations in 1969 [67]. However, the largest contributions to the study 
and development of thermoacoustic engines (TAEs) came later, with the works of Swift 
and co-workers from 1983 [68]. The Swift’s textbook published in 2001 is still 
considered as the main reference in the field [69].  

A TAE is a device where low grade thermal energy is partially converted into acoustic 
waves with high sound pressure levels. The acoustic waves generated in TAEs can be 
harvested in many different ways, for instance, into purely mechanical energy, into 
electric energy, or used as sound excitation in thermoacoustically driven 
thermoacoustic refrigerators. 

The core of a TAE is the porous material placed within the resonator, along which a 
temperature gradient is established by means of a hot and a cold heat exchanger. 
Thermal-to-acoustic power conversion occurs because of the temperature gradient 
within the stack. A schematic TAE setup is shown in Figure 1.16. 

In 1993, a more effective pin stack array for TAE was described [10]. However,  
the manufacturing process of such stacks is relatively difficult. Due to this, the majority 
of used stacks are various configurations of plate stacks [70]. Lattice structures combine 
the properties of the pin stack arrays with precisely controlled geometry, which allows 
tailoring thermoacoustic performance. 
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Figure 1.16 Standing-wave thermoacoustic heat engine, schematic setup (a); pressure and 
particle velocity field (b); heat exchange of fluid particle within the stack (c) [IV]. 

1.4  Objectives of the work 
The motivation of the present study is illustrated in Figure 1.17. To disclose  new 
application areas of cellular lattice structures such as tribology and thermoacoustics,  
it is required to solve related challenges mentioned above. In order to increase the 
thermoacoustic performance and wear resistance of cellular lattice structures,  
the two-step approach was proposed in order to produce metal-ceramic composite 
structures. Cellular lattice structures fabricated by SLM were nitrided and carburized.  

The overall objective of this research is to develop and optimize production of metal 
and metal-ceramic cellular lattice structures and disclose new areas of their application.  
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Figure 1.17 The motivation scheme. 

The scientific goals of the present study are: 
 

• To perform a parametric study to understand the relationship between the 
process parameters and the properties of the cellular lattice structures 
obtained by pulsed laser scanning strategy for powder bed and powder 
feed AM processes; pulsed laser allows obtaining the thinnest lattice struts; 

 
• To reveal some aspects regarding formation of microstructural features and 

development of mechanical properties when obtaining metal-ceramic 
cellular lattice structures by direct and indirect AM; 

 
• To validate the tribological performance of the cellular lattice structures; 

the ability to tune properties like self-cleaning effect, wear and friction 
coefficient according to the designed surface structures; 
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• To validate the effect of mesostructural features and metals and 
metal/ceramic materials on the thermoacoustical performance of the 
cellular lattice structures. 

 
The main technological goals of the present study are: 
 

• To develop the process parameters for producing cellular lattice structures 
with a feature size in order of 100-200 µm using DED. To determine the 
possibilities and limitations of the DED process for producing such 
mesostructures; 

 
• To increase the mechanical properties of cellular lattice structures by the 

fabrication of novel metal-ceramic lattices;  
 

• To open up new application areas for metal and metal-ceramic cellular 
lattice structures.  

 
The advantage of the lattice structures is the properties of highly porous materials 

combined with completely controlled geometry which allows tailoring the final 
properties. The aim is to provide a suitable technological route for metal and  
metal-ceramic cellular lattice structures, production and make conclusions about their 
performance in the potential application areas.  

Figure 1.18 introduces the overall structure of the thesis. 
 

Figure 1.18 Schematic illustration the thesis content and structure. 
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2 EXPERIMENTAL  

2.1 Materials  
In order to investigate the relationship between the process parameters and the strut 
diameters of cellular lattice structures produced via SLM the most common for additive 
manufacturing atomized AISI 316L powder with particle size 10-45 μm delivered by 
Shijiazhuang Daye Metal Powder Factory was used. The chemical composition of AISI 
316L is shown in Table 2.1. Figure 2.1 shows the SEM images of a general view of AISI 
316L powder and polished cross-section of the powder. Cross-section of the powder 
was made to investigate the presence of internal porosity. 
 
Table 2.1 Chemical composition of AISI 316L. 

Alloying 
element Fe C Cr Ni Mo Mn Si P S 

wt% Rest <0.03 16-18.5 10-14 2-3 <2 <1 <0.045 <0.03 
 

Figure 2.1 SEM images of AISI 316L powder (a) and polished 316L powder (b).  

2.2 Process and parameters  
SLM and DED were chosen to study a possible implementation of pulsed laser scanning 
strategy which allows producing the thinnest features of the lattice. EBM process was 
not considered for such applications in the present study. Process parameters define 
the amount of energy provided by the source to the feedstock. The process parameters 
used in the present study are described in detail below. 

2.2.1 Selective laser melting 
A Realizer SLM50 selective laser melting machine produced by Realizer GmbH was used 
for producing cellular lattice structures. Schematic illustration of the building chamber 
is shown in Figure 2.2. The machine is equipped with a YAG fiber laser to enable 
reaching the maximal power of 120 W. Argon or nitrogen was used as a protective 
atmosphere inside the building chamber with the controlled oxygen level during the 
process, which was kept below 0.2%. 
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Figure 2.2 Scheme of the SLM machine chamber. 

Cellular lattice structures can be obtained using pulsed laser scanning strategy.  
It means that one slice of the lattice beam model contains a set of discrete points which 
define the coordinates of laser exposure (Fig. 2.3). The thickness of a strut in this case is 
related to the melt pool size and is defined by a combination of laser power and 
exposure time in each point. 

The thickness of one layer was 25 μm, laser current was varied from 2500 mA (60 W) 
to 5000 mA (120W), the exposure time was varied from 250 to 1100 ms. Nitrogen was 
used as a protective atmosphere during the process with an oxygen level of less than 0.2%.  

 

Figure 2.3 Schematic explanation of the pulsed laser scanning strategy for obtaining cellular 
lattice structures.   
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2.2.2 Laser metal deposition 
Directed energy deposition was performed using a Hermle C20U five axis machine 
equipped by a Siemens Sinumerik controller (Fig. 2.4). Modular powder nozzle system 
COAX14 was used. Fiber laser with a maximum power of 200 W is employed in the 
system. Argon is used as a shielding gas and gas for transporting the powder.  

 

Figure 2.4 Scheme of the DED process.   

The laser metal deposition process is carried out by creating a melt pool on the 
surface of the substrate. Powder flow is conically focused. The powder cone vertex is 
coaxially coincident with a laser beam.  

Process parameters were determined empirically. Straight pillars were produced in 
order to determine the process parameters that provide a stable deposition process. 
The aim was to obtain as thin pillars as possible in order to produce thin cellular lattice 
structures with geometrical characteristics comparable with the lattices produced by 
SLM. In order to achieve the aim, it is required to determine a specific set of process 
parameters, including but not limited to, low laser power. In general, laser power 
determines the diameter of the weld spot. To keep the diameter as small as possible, 
the laser powers of 20, 30 and 40 W were employed to produce straight pillars.  
The second important parameter that influences the weld spot diameter and height is 
exposure time (ET) and break duration. The break time between subsequent laser 
exposures is needed to avoid accumulation of the heat and uncontrolled melting.  
The ET was varied from 0.001 to 0.03 s. The break time was equal to the exposure time.   
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2.3 Lattice generation 
The initial step in the lattice production is its modeling in CAD or generation using other 
specific software. The lattice generation routes used in the present study are described 
below. 

2.3.1 Lattice generation for SLM 
Lattices were created using RDesigner software developed by Realizer GmbH. General 
route of the lattice generation in RDesigner is presented in Figure 2.5. First of all, 
3D-model in STL file format has to be imported to the software. Next, the STL 3D-model 
has to be sliced and lattice (with pre-defined unit cell geometry) generated. 
The generated lattice structure consists of repeating unit cells, each of them formed by 
connecting vectors with zero thickness. Sliced lattice at each layer is represented as a 
set of single, discrete points which determine the location of laser exposures. 

Figure 2.5 Lattice generation route in RDesigner software. 

2.3.2 Lattice generation for DED 
Lattice geometry was defined by a programmatic method using a custom G-code 
algorithm. The diamond shaped unit cell was described by a set of simple mathematical 
equations. The algorithm calculates the geometry layer by layer. Four points on the first 
layer are located at the nodes of the diamond-shaped cell. The coordinates of laser 
exposure are defined by these points on each next layer that four points moving 
towards each other. The points meet at the centre and then move from one another 
until the end of the unit cell.  Schematically, the idea is shown in Figure 2.6. Simple 
geometric dependencies were employed for the calculation of locations of points on 
each layer.  

The origin in the top view projection is located at the centre of the unit cell. X and Y 
axes are assigned to the strut projections. According to the building program, laser is 
treating four equidistant points around Z axis. These four points belong to the initial 
single unit cell. Total mesh array generation is provided by the initial unit cell 
tessellation in three dimensions. To achieve this, a certain number of layers that 
contain two-dimensional point patterns should be generated. After exposure in all 
points on one layer, the process head moves up for the distance equal to a single layer 
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thickness (LT). Point coordinates on each next layer are calculated with counting of 
horizontal displacement (dX). It depends on the inclination angle (𝛼𝛼) and is calculated 
as follows: 

 

𝑑𝑑𝑑𝑑 =
𝐿𝐿𝐿𝐿

tan(𝛼𝛼)
                                                                    (2.1) 

   

Figure 2.6 Lattice generation route for LMD using a direct G-code algorithm, schematic geometry 
(a) and illustrations of the calculations (b). 

Main input parameters for the program are the size of the unit cell (Scell), strut 
inclination angle (𝛼𝛼) and layer thickness (LT). Other important lattice parameters are 
calculated based on the input data. These are total unit cell height (Hcell), horizontal 
displacement at each layer (dX) and the number of layers (N). 

The total unit cell height Hcell is calculated based on the input parameters, unit cell 
size and inclination angle, as shown in equation 2.2: 

  
𝐻𝐻𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 × 𝑡𝑡𝑡𝑡𝑡𝑡(𝛼𝛼)                                                          (2.2) 

 

2.4 Post-processing 
Post-processing investigation can be divided into two main categories: preliminary 
studies and post-processing of cellular lattice structures. Nitriding and carburizing were 
employed as post-processing procedures. Preliminary tests started by investigating the 
penetration depth during nitriding and carburizing of 3D-printed specimens. For these 
purposes, samples with cylinders having diameters 0.3 mm, 0.5 mm, 1.5 mm, and  
2.5 mm were produced. The 3D model of the sample is presented in Figure 2.7. 
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Figure 2.7 3D model of the sample used for preliminary experiments 

2.4.1  Nitriding of lattices 
Nitriding of the specimens was performed with and without overpressure. In order to 
apply overpressure, a HIP furnace was employed. The data from the literature confirm 
a possibility of surface nitriding in N2 atmosphere [71,72]. Hot isostatic pressing was 
carried out at 1150 oC at 100 MPa under nitrogen. Nitriding without overpressure was 
performed under atmospheric pressure in nitrogen atmosphere using Dr. Webb Red 
Devil furnace. All nitriding conditions are shown in Table 2.2. 

  
Table 2.2 Nitriding conditions.  

Nomination Environment Temperature, 
oC 

Holding 
time, min 

Cooling 
conditions 

N1 N2, 100 MPa 1150 60 Furnace cooling 
N2 N2, 0.1 MPa 1150 60 Furnace cooling 

2.4.2 Carburizing of lattices 
Carburizing in the present study was performed by using a custom made thermal  
“Hot-wall” chemical vapor deposition device. The schematic illustration of the device is 
presented in Figure 2.8. 

 

Figure 2.8 Schematic illustration of the CVD device [73]. 

Carburizing was performed in CH4 flow at 1000 oC.  The holding time was 20 and 60 
minutes. CH4 flow was 250 ccm and 200 ccm for 316L and Ti respectively. For some 
specimens, heat treatment in vacuum at the 1150 oC for 1 hour and cooling down with 
the furnace was applied. Table 2.3 summarizes carburizing parameters used in the 
present study.  
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Table 2.3 Carburizing conditions.  

Nomination Material 
Holding 

time, 
min 

Cooling 
conditions Post treatment 

C1 316L 20 in air N/A 

C2 316L 20 in air 1150oC for 1 h in 
vacuum 

C3 316L 60 Furnace cooling N/A 

2.5 Characterization 
2.5.1 Description of properties 
A microstructural characterization was performed by an optical microscope (OM),  
a tabletop scanning electron microscope (SEM) Hitachi TM1000 with BSE detector and 
high resolution electron microscope Zeiss Evo MA15, equipped with an energy 
dispersive X-ray analyzer (EDS) with a Dual BSE detector and operating at an 
accelerating voltage of 20 kV.  

Compressive strength of lattice structures was measured at the loading rate  
1 mm/min, using an Instron 8516 servo-hydraulic testing system. The XRD analysis was 
carried out on diffractometer “Ultima IV” (Rigaku, Japan) using monochromatic Cu-Kα  
radiation (the wavelength 1.5406 Å) with step 0.02° along the 2θ and time measuring of 
4s/step. Vickers microhardness was measured by using a Buehler Micromet 2001 
microhardness tester. Diamond pyramid indenter with an angle at the top 136° was 
employed. 

2.5.2  Wear sliding test  
Unidirectional sliding tests were performed using a CETR (Bruker) UMT-2 multi-functional 
tribo-device in pin-on-disc configuration in dry sliding conditions. The load varied from 
5 to 103 N in the beginning and the end of the test respectively. Continuous increase by 
9.8 N in a minute in a load was applied. Coefficient of friction (COF) was continuously 
recorded. The test duration was adjusted to 10 min in order to avoid the wear of the 
whole structure. This method allows fast estimation of COFs and possible specific 
changes in the frictional behavior in a wide range of loads during a single experiment. 
Sliding velocity was 5×10-3 m/s. The diameter of the sliding track was 32 mm. The disc 
was made from AISI 316 stainless steel and polished to Ra 0.2 mm. Before the test,  
the disc was cleaned by acetone. The surfaces were examined before and after the 
experiments by the SEM. 

2.5.3 Thermoacoustic properties 
The experimental setup of a thermo-acoustic engine (TAE) used in the present study is 
shown in Figure 2.9. It consists of a resonator tube, two heat exchangers and a cellular 
lattice structure as a stack. One side of the stack is heated by a focused energy source. 
The stack acts as a thermal reservoir, providing irreversible heat exchanges between 
the solid, immobile surface and the fluid. Heat is provided to the air at the cross-section 
of the stack, which is closer to the closed end, and taken away at the other one. In this 
way, the first resonant mode (characterized by pressure antinode at the closed-end and 
pressure node at the open-end) is excited. In fact, the Rayleigh’s principle is satisfied, 
since the heat is given (respectively taken) where the pressure is higher (respectively 
lower). 
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 Figure 2.9 TAE experimental setup. 

As a result, when a certain value of the temperature gradient is achieved (typically in 
the range of 150-250 °C), generation of strong acoustic standing waves is started within 
the resonator. In order to measure the temperature gradient and the sound level,  
two thermocouples and three microphones are employed in the experimental setup.  

The geometries of the stacks tested in the present study are characterized in 
Table 2.4. The parameter D represents the thickness of the plates or the diameter of 
the pins (diameter of the strut in the case of lattice structure), H is the distance 
between the plates or pins, ρ is the porosity and HD is the hydraulic radius previously 
defined. 

 
Table 2.4 Main geometrical parameters of the stacks. 

Sample 
name Stack type D [mm] H 

[mm] ρ, % HD [mm] 

Stack 1 Parallel plates 0.18 0.88 76.6 0,329 

Stack 2 Oblique pins 0.18 0.89 87.3 0.370 

Stack 3 Parallel plates 0.18 0,73 78.7 0.286 

Stack 4 Oblique pin 0.21 0.63 86.9 0.343 

Stack 5 Parallel plates 0.18 1.98 91.2 0.859 

Stack 6 Lattice 0.18 1.5×1.5×2* 96.4 0.864 

* A diamond shaped lattice structure was used, the size of the unit cell is provided 
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3 RESULTS 

3.1 Fabrication of cellular lattice structures from metals 
One of the approaches of obtaining cellular lattice structures with a small feature size is 
pulsed laser scanning strategy. However, to understand the relationship between the 
process parameters and the properties of the cellular lattice structures obtained by 
pulsed laser scanning strategy, a parametric study is required. In the present study, 
cellular lattice structures were fabricated by the powder bed and powder feed AM 
techniques, selective laser melting, and directed energy deposition respectively. 

3.1.1 Selective laser melting  
Figure 3.1 shows a general view of the lattice structures obtained by pulsed laser 
scanning strategy via selective laser melting. 

 

Figure 3.1 Lattice structures obtained by SLM. 

The diameter of the single strut was measured under SEM. In general, the strut 
diameter of the lattices obtained by pulsed laser scanning strategy via SLM is defined 
by the combination of laser power, exposure time and spot size. These parameters also 
influence the morphology of the strut surface. In order to study the influence of the 
SLM process parameters on the resulted strut diameter and surface morphology,  
a broad range of parameters were tested: the laser power at 60, 70, 75, 100 and 120 W 
and exposure time at 0.25, 0.30, 0.35, 0.40, 0.60, 0.80, 1.10, 1.40 and 2.00 ms. The spot 
size was constant and approximately equal to 40 µm. Figure 3.2 illustrates the effect of 
laser power and exposure time on the strut diameter and surface of the strut. 
Significant increase of the strut diameter with laser power (LP) is visible. The lattices 
obtained at 60 W are characterized by the thinnest struts covered by a number of 
bonded particles. Two types of bonded particles were detected: from the feedstock 
powder and formed during the SLM process.  Increasing of LP reduces the amount of 
bonded particles. More details about the SLM parameter study and strut diameters can 
be found in the Publication I. 

 
2 cm 
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Figure 3.2 SEM images of lattice struts obtained via SLM using various parameter combinations. 

3.1.2 Directed energy deposition 
General view and SEM images of cellular lattice structures obtained by pulsed laser 
scanning strategy via directed energy deposition are shown in Figure 3.3. Figure 3.3 a 
and b visually illustrate the difference between the lattices obtained using different 
parameters and unit cell sizes. Figure 3.3 c and d show SEM images of cellular lattice 
structures produced with the same parameters but with different unit cell sizes, 0.7 and 
0.5 mm respectively. Bonded particles are present on the struts surfaces. The origin of 
the particles is feedstock powder. All bonded particles stick to the molten material or 
were partially melted.  The formation of secondary bonded particles was not observed. 

In the case of DED process, spot size, LP, ET and powder flow rate influence the layer 
thickness, which should be used in the process as well as the final strut diameter.  
To obtain thin lattice structures comparable with those produced by SLM, the effect of 
laser power at 20, 30 and 40 W and exposure time at 30, 18, 1.8 and 1 ms was 
investigated. The laser spot size was kept constant at 30 µm.  

Table 3.1 summarizes layer thicknesses and strut diameters for various LP and ET 
combinations. Decreasing of LP and ET leads to decreasing of strut diameter. In general, 
for each tested ET, the layer thickness is increasing with LP. However, at the highest 
tested ET, 30 ms, this dependence is the opposite. 
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Figure 3.3 General view and SEM images of lattice structures obtained via DED: LP 40 W, cell 3 
mm (a); LP 20 W, cell 0.7 mm (b, c); LP 20 W, cell 0.5 mm (d).   

Table 3.1 Estimated layer thickness. 

Power, W  
Exposure time, ms 

30 18 1.8 1 

20 
LT, mm 0.117 0.069 0.031 0.026 
D, mm 0.270 0.230 0.160 0.160 

30 
LT, mm 0.104 0.067 0.033 0.031 
D, mm 0.440 0.410 0.280 0.280 

40 
LT, mm 0.100 0.073 0.035 0.034 
D, mm 0.530 0.490 0.370 0.370 

 
The smallest inclination angle for the stable process was determined at 60 degrees. 

Successful printing of lattice structures with lower inclination angle, 53 degrees, was 
also achieved. However, the repeatability of the process requires additional adjustment 
of processing parameters.  

Figure 3.4 shows optical microscope images of cross-sections of the struts after 
polishing and etching. The images give a complemented overview on the porosity of 
the specimens obtained using different process parameters. The SEM images of the 
cross-sections of the struts obtained via SLM are shown in Figure 3.4 (e). The amount of 
pores and their sizes varied in the different specimens. Only a few pores were observed 
on the cross-section of the sample with the largest strut diameter (LP = 40 W, ET = 30 ms). 
Decreasing the exposure time leads to an increase in the number of pores (Fig. 3.4 b,c). 
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Minor porosity was observed in the specimen with the smallest strut diameter obtained 
using LP 20 W and ET 1 ms.   

Figure 3.4 Optical micrograph of etched cross sections of the lattices obtained via DED using the 
next parameter sets: LP 40 W and ET 30 ms (a); LP 40 W and ET 1.8 ms (b); LP 30 W and ET 1 ms (c); 
LP 20 W and ET 1 ms (d), and SEM image of lattice obtained via SLM cross section (e). 

3.2 Nitriding and carburizing of cellular lattice structures 
In order to produce metal-ceramic lattice structures, a two-step approach is proposed, 
where nitriding and carburizing are applied to 3D printed lattice structures as  
post- processing procedures. Metal-ceramic lattice structures are expected to be more 
beneficial in tribological and thermoacoustic applications. 

Post-processing parameters were preliminarily tested using samples with diameters 
0.3, 0.5, 1.5 and 2.5 mm (Fig. 2.8). The main aim was to evaluate the thickness of the 
penetration zone and to estimate mechanical properties preliminarily. The diameter of 
the smallest cylindrical specimen is very close to the lattice strut diameter.   

The difference between untreated 316 L specimens and nitrided samples under N1 
and N2 conditions can be visually observed in Figure 3.5.  

Figure 3.5 SEM images of reference 316L (a) microstructure and nitrided specimens with diameter 
0.5 mm under N1 (b) and N2 (c) conditions.  

The microstructures of the cross-sections of cylindrical samples nitrided with applied 
overpressure (N1 conditions) and at atmospheric pressure (N2 conditions) are shown in 
Figure 3.6. Applying overpressure causes more obvious microstructural changes, 
namely appearing in the second phase. The structure of 0.3 mm cylindrical sample 
consists of sets of submicron round shaped inclusions divided into sections by 
elongated inclusions of the same phase precipitated along grain boundaries.  
The distribution of the second phase in the microstructure is uniform across the whole 
cross section for the specimens with diameters 0.3 and 0.5 mm. In the case of 1.5 and 
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2.5 mm diameter, inclusions were observed in the narrow zone near the surface.  
The thickness of the zone is slightly above 90 µm. 

The structure of 0.3 and 0.5 mm cylinders processed by N1 conditions consists of 
sets of spot-like inclusions divided into sections by elongated inclusions, precipitated 
along grain boundaries. It has been found that for N1 conditions elongated inclusions 
prevail in the cylinders with a larger diameter.   

 

Figure 3.6 Cross sections of specimens with various diameters nitrided with N1 and N2 conditions. 

Nitriding without overpressure (N2 conditions) caused almost no visible changes in 
the microstructure. The appearance of most of the specimens cross-sections is similar 
to the microstructure of reference 316 L sample (Fig. 3.6 a). The changes in the 
microstructure of N2 specimens were detected under higher magnification in the area 
located close to the specimen surface.  

Carburizing was performed for 20 min with or without following annealing (C1 and 
C2 conditions respectively). C3 conditions are characterized by an increased carburizing 
time – 60 minutes. It was found that after the carburizing process in CH4 flow for  
20 min at 1000 °C (C1 conditions), a significant amount of deposited carbon is located 
on the surface of the samples (Fig. 3.7). Additional vacuum annealing (C2 conditions) 
was performed in order to activate the diffusion process of the deposited carbon 
towards the sample volume. 

 

 



42 

Figure 3.7 Specimen with 0.3 mm diameter covered with carbon after 20 min of carburizing in CH4 
flow (C1 conditions). 

Table 3.2 shows the microstructural differences of the specimens with various 
diameters for C1, C2 and C3 carburizing conditions. Increasing the diameter of the 
specimen yields a decrease of the penetration depth. The distribution of the inclusions 
is uniform throughout the cross-section under C2 and C3 conditions and specimens 
diameters 0.3 and 0.5 mm. For the rest of the specimens, a gradient of distribution was 
present between the external surface and the central area. In general, the penetration 
depth in C3 condition was slightly higher as compared to C2 conditions. 

Microhardness values for post-processed samples with different cross-section 
diameters are presented in Figure 3.8. The hardness measurements were taken in the 
center of the cross-section of cylindrical specimens. The microhardness of post-processed 
samples tends to decrease with an increase in the diameter. In general, for all post 
processing conditions, hardness for samples with 0.3 mm in diameter is about twice 
higher than for samples with 2.5 mm in diameter. For nitrided samples with diameters 
1.5 and 2.5 mm, the Vickers microhardness values were compatible with the reference 
value taken from untreated 316L. 

 
Table 3.2 Penetration depth in samples with various diameters. 

Specimen 
diameter, 

mm 

Thickness of reaction zone 

C1 C2 C3 

0.3 100-120 µm full full 
0.5 50-70 µm full full 
1.5 ~30-50* µm up to 100 µm  150-160 µm 
2.5 ~40-60* µm 30-50 µm 100-120 µm 

*Rare inclusions precipitated along grain boundaries 
 
Based on preliminary tests, post-treatment conditions N1 and C2 were chosen to be 

applied to the lattice structures in order to obtain uniform nitrides and carbides 
distribution. A set of lattice structures obtained at LP 100 W and ET of 1100 µs was 
used for nitriding (N1 conditions) and carburizing (C2 conditions). Such lattices have the 
closest strut dimensions to preliminarily tested cylinders with diameters of 0.3 mm.  
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3.3 Properties of metal and metal-ceramic lattice structures 
3.3.1 Mechanical properties 
Nitrided and carburized lattice structures exhibit higher hardness and strength 
characteristics. The structure and properties of produced metal-ceramic lattice 
structures are described in detail in Publication II. 
 

Figure 3.8 Microhardness values for specimens with different diameters used for preliminary 
tests. 

Figure 3.9 shows the strength characteristics of untreated lattices. Compressive yield 
strength of metal lattice structures measured experimentally and calculated according 
to the Gibson-Ashby model depends on the relative density. Compressive yield strength 
tends to grow with the relative density. As seen from the graph, in general, the result 
obtained correlates with the Gibson-Ashby model [28]. The calculated coefficient of 
correlation R = 0.9865.  

 

Figure 3.9 Measured and theoretically calculated compressive yield strength values of untreated 
lattices. 
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The compressive strength data for untreated, nitrided and carburized lattices are 
collected in Table 3.3. All nitrided lattices collapsed without plastic deformation, having 
2-3% of shortening before collapsing. In the case of carburized lattices, some plastic 
deformation was observed. Deformation of carburized lattices before critical failure 
was from about 4.5 to 8% for lattices with the lowest and with the highest relative 
density respectively. Compressive yield strength of carburized lattices increased on 
average 10 MPa, in the whole range of lattice relative densities. With an increase of 
lattice relative density, the difference between the yield strength and the fracture 
stress is increasing. Elastic modulus increases with the density (Table 3.3).  
Post-processing tends to increase the elastic modulus. 
 
Table 3.3 Average results of the compressive test of lattice structures [II]. 

Lattice 
density 

Compressive Yield 
Strength, [MPa] 

Ultimate fracture 
stress, [MPa] 

Elastic Modulus, [GPa] 

Not 
treated Carburized Nitrided Carburized Not 

treated 
Nitri-
ded 

Carburi-
zed 

19.6 % 10.95 18.5 27 21 0.42 0.96 0.59 
24.7 % 19.2 30 31.2 33 1.08 1.25 1.10 
32.6 % 33.35 42 44.6 69 1.51 2.2 1.95 
41.1 % 54.8 66.7 60.7 99,3 1.76 2.33 2.31 

3.3.2  Frictional behavior of cellular lattice structures in dry sliding conditions 
Publication III is dedicated to the friction studies of various surface patterns produced 
by powder bed fusion from stainless steel. One type of surface patterns was a single 
layer of a lattice structure with an octet-truss unit cell. The 3D models of the specimens 
and SEM images before and after wear testing are presented in Figure 3.10. The 3D 
model defined the unit cell size equal to 1 mm while the strut diameter was 3D 
modeled to be 0.15, 0.20 and 0.30 mm. Bonded particles covered the surface of the 
lattice struts. In the case of the lattice with 0.15 mm strut diameter, the origin of the 
particles is feedstock powder, for lattices with 0.2 and 0.3 mm diameter, the majority 
of the particles appeared due to so-called balling phenomenon.   

Figure 3.11 summarizes the effect of load on the coefficient of the friction of cellular 
lattice structures and a flat reference surface. The cellular lattice structures are 
providing a low and stable friction coefficient in the whole range of loads.  The COF is 
staying low even at the highest load of 103 N (COF 0.2), which is five times lower than 
that observed in the reference sample with flat surface (Fig. 3.11 a). 
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Figure 3.10 3D models (1) of prepared specimens and SEM images of cellular lattice structures 
with the strut diameter 0.15 mm (a), 0.20 mm (b) and 0.30 mm (c) as a surface pattern, before (2) 
and after (3) wear. 

Figure 3.11 The effect of load on the coefficient of friction of reference flat surface (a) and cellular 
lattice structures with strut diameters 0.15 (b), 0.20 (c) and 0.30 mm (d) (adapted from 
Publication III). 
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3.3.3 Performance of cellular lattice structures used as stacks in thermoacoustic heat 
engine 
In Publication IV, various stacks were tested in a small-scale standing-wave 
thermoacoustic heat engine setup. Figure 3.12 shows the general view and SEM images 
of the lattice structure (stack 6) used in the present study.  

The measurement of the acoustic pressure was performed with the microphone 
located at 100 mm from the open end of the tube, and the temperature difference 
across the stack measured by the thermocouples located in the proximity of lattice 
sides. It is important to notice that due to the location of the thermocouples, there is a 
temperature gap between the measured temperatures and the actual temperature of 
the hot and cold surfaces of the stack.  

 

Figure 3.12 3D-printed lattice (stack 6), general view (a) and SEM images: as-printed (b) and cross 
section (c) (adapted from Publication IV).  

Figure 3.13 shows the thermoacoustic behavior of the specimens when a heat flow is 
applied. Acoustic pressure (blue) and temperature difference (red) in real time are 
presented on the graphs. When the temperature difference reaches a certain  
threshold (about 100 to 150 K), the thermoacoustic effect takes place, and the 
subsequent temperature distribution within and around the stack depends on the  
thermos-fluid-dynamic characteristics of the stack.  

Stacks with various geometries (Table 2.4) were tested at the same conditions.  
The behavior of stack 3 and stack 4 is similar. The level of acoustic pressure was 
decreased after thermoacoustic emission started. The emission stopped in a short time. 
For stack 5, no thermoacoustic effect occurred. Stacks 1, 2 and 6 exhibited the most 
stable thermoacoustic behavior during the test. Stack 1 and stack 6 generated the 
highest thermoacoustic pressure, so these struts were additionally tested at high heat 
power (Fig. 3.14). The level of exhibited acoustic pressure reached 2700 Pa. However, 
in the case of stack 1, it was continuously decreasing, and emission stopped at 
approximately 275 s of the test. The thermoacoustic behavior of stack 6 (lattice) was 
stable for the whole duration of the test with higher acoustic pressure levels. More 
details are presented in Publication IV. 

The lattice structure presented in Figure 3.12 (stack 6) was found to be the best 
among the tested stacks in terms of stability and level of exhibited acoustic emission. 
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Figure 3.13 Thermoacoustic behavior of stacks with various geometries. 

Figure 3.14 Thermoacoustic behavior of stack 1 (parallel plates) and stack 6 (lattice structure) at 
high heat power. 

In order to validate the influence of the lattice post-treatment on the 
thermoacoustic performance, the selected stack geometry produced from stainless 
steel AISI 316L was nitrided with applied overpressure (N1 conditions).  
TAE experiments were conducted by using similar small-scale standing-wave 
thermoacoustic heat engine setup as in Publication IV. The stacks were tested using 
equal conditions to provide comparable results. Measured thermoacoustic pressure 
generated by untreated and nitrided lattices is shown in Figure 3.15. 

The stacks show the anticipated onset that occurs when the temperature difference 
between hot and cold heat exchangers reaches 100 °C. It happens at ~35 s of the 
process. The acoustic pressure levels exhibited by 316L stack was up to ~1370 Pa.  
The behavior was relatively stable until the end of the test. Only a slight decrease in the 
acoustic pressure was observed between ~125 and ~175 s of the test with a minimum 
recorded value of ~1200 Pa. 
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Figure 3.15 Thermoacoustic behavior of lattice stacks (stack 6) produced from stainless steel AISI 
316L (a) and nitrided AISI 316L (b). 

Nitriding of the 316L lattice has led to an increase in the acoustic pressure to  
~1770 Pa. From the beginning to the end of the test, the behavior was very stable and 
no deviations were observed.  

The Fourier transform was used to decompose a signal (a function of time) into its 
constituent frequencies. Figure 3.16 shows the recorded signal generated by the lattice 
stacks produced from different materials after Fourier transformation. There is one 
main frequency followed by a few harmonics. High-frequency domains tend to shift 
with time. It is also noticeable that some emission was detected before the start of the 
thermoacoustic effect. 

Figure 3.16 Fourier transforms of recorded signal generated by lattice stacks produced from 
stainless steel AISI 316L (a) and nitrided AISI 316L (b). 
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4 DISCUSSION 

4.1 Fabrication of cellular lattice structures 
Cellular lattice structures were obtained by pulsed laser scanning strategy via SLM and 
DED techniques. Laser exposure in a single point allows achieving the smallest size of 
the lattice feature. Generally, the smallest size of the feature is limited physically by the 
powder particle sizes, laser spot size, etc. However, some applications require a very 
thin lattice feature, for example, in thermoacoustics it leads to increasing the 
performance of the stacks. The thinnest lattice achieved by SLM average strut diameter 
in this work was 155 µm.  The limiting factors for decreasing the strut diameter are 
laser spot size and particle size of the feedstock powder. Strut diameter increases with 
the laser power and exposure time. However, high LP and ET values lead to more 
intensive spattering effect, which increases the risk of printing defect due to the 
depositing of large droplets on the cross-sectional areas to be treated by laser.  

To obtain cellular lattice structures via DED, layer thickness has to be defined. 
Generally, for the tested parameters, LT decreases with LP. However, for the highest 
tested ET (30 ms), the dependence was found to be the opposite. The reason lies in the 
geometry of the deposited material. Figure 4.1 shows a schematic illustration of the 
geometry of a single deposited spot of material with various parameters. In a regular 
deposition process, track geometry (height and width) depends on the laser power, 
scanning speed, and powder flow rate [74]. In the present case, the powder flow rate is 
fixed, and scanning does not occur, only single exposures take place. The shape of the 
single spot is related to the amount of material melted by a certain laser power during 
a specific ET and surface tension, which forms the geometry of the deposited spot.  

Figure 4.1 Schematic illustration of the geometry of single deposited spot with various 
parameters. 

The smallest obtained lattice strut diameter via DED was 160 µm, which is similar to 
SLM. However, two significant advantages were noticed. Due to the fact that there is 
no powder bed, a significantly smaller amount of bonded particles are connected to the 
strut surface. The surface of the thinnest strut obtained via SLM is almost entirely 
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covered with partially melted particles that make the strut cross-section non-uniform 
along its length. The second advantage is the possibility of obtaining smaller unit cell 
sizes. The smallest cell size obtained via DED was 0.5 mm, which is hardly achievable by 
SLM due to building up of the part above the powder bed level, which causes the 
failure of the printing job.  

Detected disadvantages of the DED method to produce a cellular lattice structure 
are the relatively high limitation for the inclination angle (60 degrees and higher) and 
porosity. The porosity formation can be attributed to the next reasons. It could be 
gained from the initial powder. Such a phenomenon was confirmed by Murr et al. [75] 
when closed porosity formed by argon bubbles in the atomized powder remains in the 
material after the EBM process. The porosity can also be formed during the process 
when transportation or shielding gas is entrapped between neighboring powder 
particles.  

In order to recognize the main reason of porosity formation, feedstock powder 
particles were embedded into resin and polished. The initial porosity of the powder is 
almost absent, and the sizes of the pores in the powder are much smaller than those 
detected in the cladded structures. It proves that the porosity of the lattices was gained 
additionally during the process by gas entrapping between powder particles. Figure 4.2 
provides a schematic illustration of the probability of gas trapping between powder 
particles. 

 

Figure 4.2 Schematic illustration of the probability of gas trapping between powder particles 
during the DED process in the thick (a) and thin (b) struts. 

During laser exposure, particles melt rapidly. Liquid metal surrounds gas and forms 
bubbles. Decreasing the number of particles that are melted should provide less 
potential places for trapping the gas. It is the reason why lattices with the smallest strut 
diameter exhibit the lowest porosity, being almost pore-free (Fig. 3.4 d). The strut 
diameter of these lattices is equal to only a few powder particle sizes. Accordingly, in 
this case, there are significantly fewer possible places for gas entrapping between the 
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particles. The porosity of the lattices with the smallest strut diameter obtained via DED 
is comparable with lattices produced by SLM. 

4.2 Post-processing of cellular lattice structures 
Preliminary post-treatment tests show that applied overpressure during nitriding has a 
positive effect on the acceleration of the process. The penetration depth is also 
influenced by the cylinder diameter (Fig. 4.3 a-c). Microstructural observations have 
detected two types of inclusions for N1 conditions: elongated inclusions with round and 
elongated shape (Fig. 4.3 b, c). The presence of two different inclusions types is related 
to the nitriding process specifics. Beginning of nitriding forces carbide-rich particles 
formed from the carbon, which was present in the initial material composition,  
to precipitate at grain boundaries, after which carbide-rich zone moves more 
profoundly into the specimen while nitrides start appearing on the surface. At some 
point of the process, in the way of the nitriding front, eventually, all carbides disappear 
due to decarburization [76].  

Figure 4.3. The microstructure of nitrided specimens, untreated (a); nitrided with diameter  
0.3 mm (b); 0.5 mm (c) and lattice (d, e) with strut diameter ~0.2 mm. 

Elongated inclusions at the grain boundaries were not observed in the lattices 
treated under N1 conditions (Fig. 4.3 d, e). They disappeared because of the strut 
diameter differences. The lattice strut diameter is less than preliminarily tested 0.3 mm 
and approximately equal to 0.2 mm. Smaller strut diameter causes a faster nitriding 
process. According to the EDS and XRD data and data reported in the literature [76], 
elongated inclusions are carbide-rich particles from the initial material precipitated at 
grain boundaries. Although the nitriding conditions are equal, decreasing the strut 
diameter accelerates the decarburization.  

Preliminary carburizing tests show that 20 min at 1000 °C in CH4 flow is not enough 
even for complete modification of the smallest 0.3 mm cylinder. The penetration depth 
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is slightly above 120 µm. Increase in the specimen’s diameter leads to a decrease in the 
penetration depth. Following dwelling in the furnace at 1150 °C for 60 min causes 
noticeable growth of the depth of penetration and the size of the inclusions. Deposited 
carbon from the specimen’s surface diffused to the volume. Lower heating and cooling 
rates contribute to the microstructure homogenization and the increasing of the size of 
inclusion. The penetration depth of C3 conditions is compatible with C2 in the case of 
specimens with 0.3 and 0.5 diameters. However, for larger diameters, C3 conditions 
exhibit deeper penetration. The reason for this is a continuous carbon source (CH4) 
during the process that supplies excess carbon to the external surface, while carbon in 
the material diffuses to the volume of the specimen. The second stage of C2 conditions 
is limited only to the amount of carbon deposited on the surface of the sample in the 
solid phase. Smaller lattice strut diameter in the case of C2 parameter resulted in 
significant size increase of carbide-rich phase inclusions and some porosity formation 
(Fig. 4.4). The size of pores is less than 1 μm. The main possible reason of the porosity 
formation is the difference in the diffusion rates between chromium and iron or nickel. 
Chromium diffuses faster than iron or nickel [77], it also tends to form carbides first. 
Vacancies formed by the migration of Cr atoms cannot be fulfilled by atoms of other 
elements with the same speed. It leads to so-called diffusion porosity or the Kirkendall 
and Frenkel effect [78]. 

Figure 4.4 The microstructures of the specimen with diameter 0.3 mm (a) and lattice (b, c) 
carburized under C2 conditions. 

4.3 Properties of metal and metal-ceramic lattices 
4.3.1 Mechanical properties 
Microhardness values of thermochemically treated specimens are in general higher 
compared to untreated stainless steel. However, for nitrided samples with diameter 
2.5 mm, the Vickers microhardness values were comparable with the reference value 
taken from untreated 316L, which is caused by slow nitriding speed. The same effect 
was observed for carburized specimens after C1 treatment due to short carburizing 
time.   Nitrided lattices (N1) have higher hardness values than carburized (C2) ones, 
being 605 HV0.3 and 576 HV0.3 respectively. It can be related to higher hardness of 
chromium nitrides [79] when compared to chromium carbides [80].  

Generally, a compressive strength of the lattices depends on the relative density of 
the lattice, defects and unit cell geometry. The layer thickness also influences the 
strength of the lattices obtained by the pulsed laser scanning strategy as it affects the 
bonding strength with the previous layer due to simple geometrical dependencies. 
Increasing the layer thickness resulted in increasing the horizontal displacement 
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between the previous laser exposure point and the next one on the next layer 
[Publication I]. This contributes to a weaker connection between the layers, and the 
overall lattice strength is decreasing. The negative effect of increasing the thickness of 
the layer can be compensated by increasing the strut’s inclination angle. Schematic 
explanation of the effect of layer thickness and inclination angle on the connection 
between the layers is represented in Figure 4.5. 

Figure 4.5 Schematic illustration of the influence of layer thickness and inclination angle on the 
connection between layers. 

PUBLICATION II describes the compressive yield strength values of cellular lattice 
structures with various relative densities produced from the untreated, nitrided and 
carburized AISI 316L. The obtained results, in general, correlate with the Gibson–Ashby 
model [81] with R = 0.9865. Nevertheless, the experimental results slightly differ from 
the calculated data. The difference is related to the residual stresses and more complex 
geometry of the lattice surface caused by bonded particles [4].  

Nitrided and carburized lattices exhibited elevated brittleness compared to untreated 
ones and collapsed at some point of testing [Publication II]. Untreated stainless steel 
lattices did not collapse during the testing up to 50% of deformation until the test was 
stopped due to the programmed limit. Nitrided lattices exhibited 2–3% deformation in 
the elastic zone before collapsing. Carburized lattices deformed about 4.5 to 8% before 
critical failure for lattices with the lowest and with the highest relative density 
respectively. Lower plasticity of nitrided lattices is related to several reasons. First of all, 
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the structure of the nitrided layer may be divided into two sublayers: a compound zone 
and a nitrogen diffusion zone [48,76], both consisting of the nitrides Fe3N (detected by 
XRD), which is known to be hard but very brittle. The second reason is the formation of 
chromium nitrides that are harder than chromium carbides and, as a consequence, 
more brittle. Also, carburized layers usually contain some amount of the metallic phase 
(ferrite or austenite), which provides relatively high plasticity to the carburized lattice 
structure.  

In conclusion, carburizing was found to be more effective for the improvements of 
the mechanical properties of the lattice. Based on the general relationship between 
hardness values and wear resistance of materials [82–84], it can be assumed that 
carburizing can have a positive effect on the wear resistance of the cellular lattice 
structures. The influence of lattice post-processing on the tribological behavior has to 
be studied in the future work. 

4.3.2 Tribological behavior of cellular lattice structures 
It is generally known that for some special applications it is essential to reduce the 
friction, improving the lubrication properties as well as reduce the generation of  
wear debris at the contact surfaces. A possible way of changing the tribological 
characteristics is the modification of surface texture. Patterning of the wear surface for 
the bearings and artificial hip implants with dimples confirmed a reduction of abrasive 
wear and increasing of the lifetime of a product [9,85]. Additive technologies make it 
possible to improve this approach by applying complex geometrical patterning, which 
can lead to a better result. 

Publication III focuses on the tribological performance of various 3D printed patterns 
tested in dry sliding conditions. It was shown that usage of dimples provides a positive 
effect on the frictional behavior by stabilizing the sliding (reduced variation in COF) 
compared to the reference flat surface. However, a lattice structure as a surface 
pattern performs better than the dimples. The reason may be a decrease in the 
abrasive wear level by providing an escape route for wear debris from the wear surface 
into the dimples of lattice free space. Three different lattice types were tested, the unit 
cell size was equal, but the strut diameter was 0.15, 0.2 and 0.3 mm. Among them, the 
lattice with the thinnest struts has shown the lowest and most stable COF with minimal 
deviations. A possible explanation for this phenomenon lies in the specifics of the wear 
mechanism of the flat surface and lattice structure. 

In the case of a flat specimen, strong adhesion of contacting bodies results in the 
initiation of so-called solid-phase welding [86]. The wear fragment keeping between 
the bodies is carrying the whole load that results in rolling and sliding of such fragments 
along the whole surface width. The fragment is growing during the rolling and sliding.  
It damages both surfaces (Fig. 4.6 a). Damaged surface provides favorable conditions 
for the generation of new fragments. The addition of dimples provides a discontinuous 
surface, which leads to a reduction in the maximum possible size of the wear element. 
At some point, the dimples remove wear element from the contact surface and store 
them. The surface of the lattice consists of many small elements and relatively large  
(3-5 times larger in size) areas of empty space. The probability of the formation and 
growth of wear fragments is reduced due to the reduction of the contact area.  Even if 
such elements managed to form, they could grow to only small sizes before being 
removed into the internal volume of the lattice. So, the surface damaging is minimal. 
Empty space between the struts also provides storing of these small wear fragments 
that might later escape from the lattice internal empty volume (Fig. 4.6 b).   
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Figure 4.6 Schematic representation of wear fragments formation in case of flat mating surfaces. 

The empty volume inside the dimples is quite limited and can be filled by debris with 
time. It increases the COF and makes the wear behavior closer to the flat surface. In the 
case of lattices, such a phenomenon was partially observed only for the lattice with the 
largest struts, 0.3 mm (Fig. 3.10 c). 

DED process can be used as an additional step to functionalize the surface of existing 
parts (Fig. 4.7) in order to provide specific tribological properties, as shown in 
Publication III. A green part may be produced by conventional techniques, which 
decreases the total production time and the final cost of the part. Fabrication of cellular 
lattice structures on such non-planar surfaces is also possible with some additional 
software adjustments. Another reason for fabrication of the lattice structure layer on 
the surface of the green part can be adding of the hard metal layer in the specific places 
where it is needed [87].  

 

Figure 4.7 Pin structure deposited via DED on the curved surface.   

4.3.3 Thermoacoustic performance of cellular lattice structures  
It is well known that pin stacks are more effective than plate stacks in the case of TAE 
performance [10,88]. However, they were not widely applied in TAE due to the 
complicated manufacturing process of such stacks. Additive manufacturing allows 
overpassing this production limitation. Even more, it will enable producing more 
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complex geometries such as lattice structures that combine the advantages of the pin 
stacks with other effects derived from the lattice shape.   

Experiments proved that cellular lattice structures could be efficiently used as a 
stack in TAE. Metal lattice and nitrided lattice were tested. The lattice geometry and 
testing conditions were equal, but the thermoacoustic performance had some 
variations.  

The highest acoustic pressure was observed for the lattices produced by nitriding of 
316L. The result is in good correlation with the thermal conductivity values. Nitrided 
lattice contains CrN and Fe3N phases [Publication II]. The thermal conductivity of CrN is 
much lower than 316L, 3.6 and 13.53 W/m K respectively [89–91]. Lower thermal 
conductivity keeps a higher temperature gradient between hot and cold heat 
exchangers, which leads to increased performance. 

Harmonics frequencies are shifting with time (Fig.3.16), which is attributed to the 
material properties changes during heating. Frequency shift stops once the 
temperature difference between the hot and cold side of the stack becomes stable. 
Further investigations can address the thermoacoustic performance of lattice 
structures with various geometries to determine the dependence of thermoacoustic 
behavior on the unit cell shape and size and select the most effective one. Another 
challenge is to produce the lattice stack with the most capable geometry from a 
ceramic material with low thermal conductivity in order to achieve maximal efficiency. 
After that, thermoacoustic energy obtained from TAE can be converted to electric 
power by using a piston carrying neodymium magnets. Sun concentrators can be 
applied to heat up the stack in TAE [92] and generate electric energy from a renewable 
source. 
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5 CONCLUSIONS 
The present work was focused on the development and production optimization of 
metal and metal-ceramic cellular lattice structures. The main focus was on disclosing 
the potential of cellular lattice structures in tribological and thermoacoustical 
applications. 

Based on the results of the present study, the following conclusions can be drawn: 
 
• Cellular lattice structures with the feature size in order of 100-200 µm were 

successfully produced via SLM and DED using pulsed laser scanning strategy.  
• The relationship between process parameters and produced lattice features 

was defined in both cases. 
• Metal-ceramic cellular lattice structures were successfully produced by the 

two-step approach, using carburizing and nitriding as post-processing 
procedures.  

• The formation of the microstructure and the phase composition of obtained 
metal-ceramic lattices were investigated.  

• Examination of mechanical properties of produced metal-ceramic structures 
shows higher hardness, strength and brittleness of the structures compared to 
those of metallic structures. Microhardness increased around three times, 
compressive strength – from 21 to 65% depending on the relative density of 
the lattice. 

• New application areas for metal and metal-ceramic cellular lattice structures 
were introduced. 

• Tribological tests of the cellular lattice structures show stable and low 
coefficient of fiction. Surface damage is minimal compared to reference 
specimen. Wear debris are removed from sliding surfaces into the internal 
volume of the structure and later escape due to the so called self-cleaning 
effect. 

• Reducing the thermal conductivity of the material leads to the improved 
thermoacoustic performance of the stack. Decreasing the thermal conductivity 
of the lattice structure by nitriding resulted in 30% higher acoustic pressure. 
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FUTURE WORK 
Future research in the field of tribology should address the effects of cellular lattice 
structures on the wear more carefully.  Studies of the influence of thermochemical 
treatment of the lattices on their wear performance will be essential.  

Cellular lattice structures exhibited promising results in thermoacoustics. This is an 
interesting topic for future work. Further investigations can focus on the determination 
of the most efficient lattice geometry. AM enables producing functionally graded 
lattices. Their thermoacoustic performance should be studied. Integration of cooling 
channels directly to the lattice to increase the efficiency of the cold heat exchanger can 
be a topic of the future research. Additionally, to produce ceramic lattice structures, 
the fabrication technique should be chosen and tested. Subsequently,  to generate 
green electrical energy from a renewable source, the thermoacoustic engine setup 
equipped with sun concentrators to heat the stack should be developed and tested.   
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Abstract 
3D Printed Metal and Metal-Ceramic Cellular Lattice 
Structures for Wear and Thermoacoustic Applications 
Nature has created a large number of structures that are successfully used by a variety 
of living organisms which exist in specific environmental conditions. Wooden materials, 
bones in the human body or corals in the ocean are shining examples of the natural 
structures with extremely complex geometry. For many years, attempts to reproduce 
such structures in artificially fabricated materials failed due to technological limits. 
Only with the development of additive manufacturing (AM) technologies, it has become 
possible to produce complex geometrical shapes efficiently. It has opened up a new 
niche in the research and development for designing, manufacturing, and application of 
nature-inspired materials. One of the artificially fabricated materials that has gained an 
increased research interest during recent years is cellular lattice structures. 
These consist of a single unit cell propagated in three dimensions. A resulting structure 
is a combination of a monolithic material and empty space.  

Nowadays cellular lattice structures have found several applications. For instance, 
they are used for weight reduction of a part using topology optimization for specific 
load conditions. Clear benefits using lattice structures have been found in aerospace 
and engineering. Also, in terms of product life cycle there is a high potential for 
decreased raw material consumption due to a nearly waste-free production. Medical 
implants with cellular lattice structures provide precise control of a number of pores, 
their geometry and final mechanical properties, which allows obtaining the value of the 
elastic modulus similar to that of a bone tissue. The tissue can grow inside the lattice, 
which provides sufficient natural bonding and healing acceleration. An additional 
advantage is a possibility of manufacturing the specifically customized implant for a 
particular patient during a relatively short time period. Also, a growing field for cellular 
lattice structures is seen as reinforcing frameworks in the manufacturing of so-called 
interpenetrating phase composites.  

The present study is concentrated on the development of technological procedures 
and disclosing of new potential application areas of metal and metal-ceramic cellular 
lattice structures. For the first time, cellular lattice structures were applied for 
manipulating the tribological characteristics of the surface and self-cleaning ability of 
the structures surface was shown. Less damage to the contact surfaces was found. 
This was driven by efficient removal of the wear fragments from the surfaces into the 
empty internal volume of the lattice that decreased the size of the wear fragments. In 
addition, the obtained result exhibited five times lower COF than that observed for the 
reference sample.  

The use of metal and metal-ceramic cellular lattice structures as stacks for a 
thermoacoustic heat engine (TAE) was proposed. TAE is a device that partially converts 
low-grade thermal energy into acoustic waves with high levels of sound pressure. 
The energy of acoustic waves generated in TAEs can be transformed into mechanical 
energy or electric energy. Lattice structures used as stacks in TAE were found to be 
much more effective compared to regular plate stacks. A thermal conductivity of stack 
material plays a significant role in thermoacoustic behavior. Ceramic stacks with low 
thermal conductivity values are known to be more efficient. However, the 
manufacturing of ceramics and metal-ceramics via direct additive manufacturing is a 
challenging task due to high heating and cooling rates that cause crack formation. 
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In order to overcome this problem, a two-step approach of fabrication of metal-ceramic 
lattice structures was proposed in the present study. Nitriding and carburizing applied 
as post-processing procedures to as printed metallic lattices increase strength and 
hardness due to the formation of nitrides and carbides respectively. Microhardness 
values for nitrided lattices were 605 HV0.3 and for carburized lattices - 576 HV0.3. 
Vickers hardness of reference, virgin AISI 316L was measured at 210 HV0.3. 
Compressive yield strength of carburized lattices increases in average from 21% to 65% 
depending on the lattice density. The elastic modulus increases in average in the range 
from 16 to 46%. Nitrided lattices exhibited 30% higher acoustic pressure than metal ones.  

In this thesis, the following aspects are addressed and solved: 
• Parametric study of cellular lattice structures obtained by pulsed laser 

scanning strategy for powder bed and powder feed AM processes was 
conducted. 

• Metal-ceramic cellular lattice structures were produced by direct and indirect 
approach. A two-step route that combines 3D printing of the lattice from 
metal, following with carburizing or nitriding, was introduced. 

• Increase in mechanical properties of cellular lattice structures was achieved 
after post-processing procedures. 

• Tribological performance of the cellular lattice structures was validated. 
• Thermoacoustic behavior of lattice stack made from metal and metal-ceramics 

was evaluated.  
 

Keywords: Cellular lattice structures, additive manufacturing, selective laser melting, 
directed energy deposition, tribology, wear, thermoacoustic 

 
 



68 

Lühikokkuvõte 
3D prinditud metall- ja metall-keraamilised kärgvõre 
struktuurid triboloogilistele ja termoakustilistele 
rakendustele 
Loodus on loonud suure arvu struktuure, mida kasutatakse edukalt erinevate 
elusorganismide poolt spetsiifilistes keskkondades. Puitmaterjalid, luud inimese kehas 
või korallid ookeanis on märkimisväärsed näited äärmiselt keeruka geomeetriaga 
looduslikest struktuuridest. Aastaid on püütud selliseid struktuure jäljendada,  
kuid taoliste materjalide valmistamine on ebaõnnestunud tehnoloogiliste piirangute 
tõttu. Lisandustehnoloogia (teisti 3D-printimine) on siinkohal  meetod, mis võimaldab 
esmakordselt efektiivselt valmistada keerulisi geomeetrilisi kujundeid. See on avanud 
uue niši teadusarenduse valdkonnas, mille eesmärgiks on kujundada, toota ja rakendada 
loodusest inspireeritud materjale. Üheks kunstlikult valmistatava materjali näiteks, mis 
on viimastel aastatel populaarseks saanud, on ühikrakuline võrestruktuur. See koosneb 
ühikrakust, mida korratakse kolmes mõõtmes. 

Praeguseks on ühikrakulised võrestruktuurid leidnud mitmeid rakendusi. Näiteks 
kasutatakse võrestruktuure detaili kaalu vähendamise eesmärgil vastavalt  topoloogia 
optimeerimisele antud koormustingimustel. Märkimisväärset kasu on võrestruktuurid 
leidnud nii lennunduses kui ka masinaehituses. Arvestades toodete elutsüklit väheneb 
oluliselt toormaterjali kulu tänu lisandustehnoloogia sisuliselt jäägivabale tootmisele. 
Võrestruktuuridega meditsiinilised implantaadid võimaldavad täpselt kontrollida toote 
poorsust, geomeetriat ning mehaanilisi omadusi saamaks luudele sarnast 
elastsusmoodulit. Kude saab kasvada võre sisse andes vajaliku sidususe omakorda 
kiirendades paranemise aega. Lisaväärtusena on võimalik valmistada spetsiifiliselt 
kohandatud implantaate antud patsiendile suhteliselt lühikese ajaperioodi jooksul.  
Lisaks on ühikraksete võrestruktuuride uurimisel kasvavaks valdkonnaks võrede 
kasutamine armeeriva võrgustikuna nn põimfaasidega komposiitides. 

Käesolev uurimustöö keskendub  metalsete ja metall-keraamiliste ühikraksete 
võrestruktuuride valmistamisele tehnoloogiliste protseduuride arendamisel ning pakub 
välja nende võimalikud rakendusvaldkonnad. Esmakordselt on katsetatud ühikrakseid 
võrestruktuure manipuleerimaks pinna triboloogilisi karakteristikuid ning näidatud 
pinnastruktuuride isepuhastamisvõimekust. Täheldati vähendatud kahju kontaktpinnale, 
mis on tingitud efektiivsest kulumisfragmentide eemaldamisest võre vahele. Lisaks 
näitasid katsetulemused viis korda madalamat hõõrdekoefitsenti võrreldes algse 
näidiskatsekehaga. 

Metalseid ja metal-keraamilisi ühikrakseid võrestruktuuride pakutavaks 
kasutusvaldkonnaks on termoakustilises soojusmootori (TAE) akustiline plaadielement. 
TAE on seade, mis osaliselt konverteerib madalatasemelise soojusenergia kõrge 
helisurvega akustilisteks laineteks. Antud lainete energiat saab muundada mehaaniliseks 
või elektriliseks energiaks. Võrestruktuuridega akustilised plaadielementide efektiivsus 
näitas oluliselt paremaid tulemusi võrreldes seni kasutusel olevatel plaatidega. 
Termoakustiline käitumine sõltub suurel määral plaatide materjalide soojusjuhtivusest 
ning seetõttu sobivad sinna keraamilised materjalid tänu oma madalale 
soojusjuhtivusele. Lisandustehnoloogiaga on keraamilisi ja metall-keraamilisi materjale 
keeruline valmistada, sest tänu suurtele protsessi jahtumiskiirustele tekivad materjali 
praod. Selle probleemi vältimiseks kasutati antud uurimustöös kaheastmelist  
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metall-keraamiliste võrestruktuuride valmistamist. Printimisjärgse sammuna katsetati 
metalliliste võrede nitriitimist ja karbidiseerimist, tõstes võrede tugevust ja kõvadust 
tänu nitriitide ja karbiidide tekkele. Nitriiditud võrede mikrokõvadus oli 605 HV0.3 ja 
karbidiseeritud võredel - 576 HV0.3. Referentsmaterjalina kasutatud AISI 316L kõvadus 
on 210 HV0.3. Karbidiseeritud võre survetugevus suurenes 21% -lt 65% -le sõltuvalt 
võre suhtelist tihedust. Elastmoodul suurenes 16% kuni 46%. Nitriiditud võred näitasid 
võrreldes metalliste katsekehadega 30% kõrgemat akustilist survet. 

Uurimistöö käigus adresseeriti ja lahendati järgmisi askpekte: 
• Parameetriline uurimine ühikraksete võrestruktuuride valmistamiseks 

pulseeriva laserskanneerimise meetodiga kasutades pulbrisängi ja pulbri 
pealesulatamise metalliprintimise tehnoloogiaid; 

• Metall-keraamilised ühikraksed võrestruktuurid valmistati otsese ja kaudse 
lisandustehnoloogiaga. Tutvustati kaheastmelist meetodit, kus kombineeriti 
võrestiku 3D-printimine sellele järgneva nitriitimise või karbidiseerimisega. 

• Ühikraksete võrestruktuuride mehaanilisi omadusi tõsteti printimisjärgsete 
tehnoloogiliste sammudega. 

• Valideeriti ühikraksete võrestruktuuride triboloogiline võimekus. 
• Hinnati metalliliste ja metall-keraamiliste termoakustiliste plaadielementide 

käitumist. 

Märksõnad: Ühikraksed võrestruktuurid, lisandustehnoloogia, selektiivne lasersulatus, 
otsese energiaga pealesadestus, triboloogia, kulumine, termoakustika 
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Publication I 
Holovenko, Y.; Kollo, L.; Jõeleht, M.; Pohlak, M.; Veinthal, R., Effect of Hot Isostatic 
Pressing on Cellular Lattice Structures Obtained by Selective Laser Melting. World 
PM2016 proceedings: World PM2016 Congress & Exhibition, Hamburg, Germany, 9-13 
October 2016. European Powder Metallurgy Association, (2016), USB. 
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Publication II 
Holovenko, Y; Kollo, L; Jõeleht, M; Ivanov, R; Soloviova, T; Veinthal, R., Production of 
metal-ceramic lattice structures by selective laser melting and carburizing or nitriding. 
Proceedings of the Estonian Academy of Sciences, 68 (2), (2019), 131−139. 
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Publication III 
Holovenko, Y.; Antonov, M.; Kollo, L.; Hussainova, I., Friction studies of metal surfaces 
with various 3D printed patterns tested in dry sliding conditions. Proceedings of the 
Institution of Mechanical Engineers, Part J: Journal of Engineering Tribology, 232 (1), 
(2018), 43−53. 
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