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Introduction 
Rapid development of additive manufacturing (AM) in the recent decade is tangible due 
to the ability to produce complex geometrical configuration from lattice structure to 
scaffolds, triply periodic minimal surface (TPMS) and bulk solid shapes. AM using powder 
bed is an incremental layer-upon-layer and/or point-by-point manufacturing and this 
technology commonly uses spherical powders as feedstock, which is selectively melted 
by a focused laser source and consolidated in-situ. AM has been widely studied in 
different industries, crucial constructions, theoretical comprehensions and for 
biomedical applications [1-3].  

Metallic cellular lattice structures with the purpose of combination with proper 
ceramics can be produced and the result, which is refractory cermet, can be applied for 
industrial (tunneling and mining), biomedical (bone implants), antibacterial, aerospace 
and tribological applications. AISI 316L stainless steel, Ti6Al4V titanium and AlSi10Mg 
aluminum are three highly demanded metallic lattice structures due to their 
applicability and availability, ductility, corrosion resistance (316L), strength to weight 
ratio (Ti6Al4V), and lightness (AlSi10Mg). Functionally Graded Lattice (FGL) enables 
an exceptional capability to substitute multi-layer structures (including porous or 
ceramic materials) instead of uniform solid materials; however, it is necessary to 
survey their manufacturability as well as mechanical properties [4-6].  

Presence of selective laser melting (SLM) and spark plasma sintering (SPS) devices in 
Tallinn University of Technology (TalTech) was a precious opportunity to develop 
research in the above fields. Due to low manufacturing speed of SLM and quite high 
expense procedure of SPS methods, we need to focus on special fields or alloys, such as 
in vivo medium, bionic components for aerospace, complex TPMS surfaces, and medical 
equipment. Combination of aforementioned approaches with the help of extra 
post-processing procedures (including carburizing, nitriding, coating, blasting, and 
polishing) enables us to manufacture biocompatible samples with high densification, 
wear resistance, and lifetime [7, 8]. The central role of strut diameter and unit cell size of 
the lattice structures in all above applications is inevitable. For this reason, the present 
thesis focused on the development of lattice structures such as matrix in metal-ceramic 
composition and post-processing procedures to improve mechanical properties, and 
their simulations to decrease the production costs [9, 10].  

In the present thesis, SLM and SPS techniques combined toward the optimization of 
wear and impact resistant composite materials with functionally graded structures 
due to their novelties, desired distribution of metal and ceramic in the longitudinal or 
circumferential directions, and almost full densification has been applied as an outcome 
of the modern powder metallurgy field. 3D printing of gradient structure along with 
post-processing procedures (nitriding, coating, blasting, filling, surface covering, and 
hard-materials adding to lattice structures) are introduced in tribological, antibacterial, 
biomedical fields and related papers. Coupled experimental and analytical results show 
that the FGL structure allows a more accurate and favourable distribution of diamond 
particles across the structure and our finite element simulations showed increased 
ductility and impact energy absorption.  
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1 State of the art of SLM and SPS processes  
Additive manufacturing (AM) has an enormous potential to develop new classes of 
materials that are macro- and microstructures engineered for specific applications and 
conditions. Combining selective laser melting (SLM) and spark plasma sintering (SPS) 
empowers the production of metal, ceramic or cermet composites using gradient 
structures with continuous metallic lattices for improved ductility and filled hard 
materials for hardness [11, 12]. The drag bits for deep geothermal drilling (DGD) or the 
tunnel boring device (TBM) [13, 14] in hard medium impact/abrasive wear is an excellent 
example of application to assess the potential of AM methods specifically and 3D printing 
of metallic and composite materials with diamond particles or tungsten carbide 
inclusions [15, 16].  

1.1 SLM process 
SLM is a rapid prototyping technology based on the powder bed fusion process with the 
high heating/cooling rate that allows the manufacture of complex parts/assemblies 
directly from computer-aided design (CAD) models to final production. The feeder piston 
is used to supply agglomerated powders in front of a powder recoater that sweeps the 
powder on the building area to form a thin uniform layer. The minimal possible thickness 
of the spread layer depends on the flowability/sphericity of powder, and machine 
settings and precision. SLM process is shown schematically in Fig. 1.1. The laser then 
melts the powder on the fabricating area to form a solid object. With this system, the 
objects are built layer-upon-layer on, e.g., titanium or steel platform with the help of a 
servomotor driven elevator that moves downwards by a distance equal to the layer 
thickness and this is repeated after every wiping and melting sequence. The process is 
carried out in an argon protective environment with a pressure usually higher than 6 mbar 
and an oxygen level less than 0.50 % [17]. Powders are consolidated on previous layers 
as a solid part with the defined thickness, between 0.25 to 0.50 µm for Realizer SLM50 
[18]. Unmelted/nonconsolidated powders inside or outside the platform wiped out 
during the printing or after finishing the job can be sieved, which is a benefit of the AM 
technology regarding the utilization of high efficiency powder [19]. Another advantage 
of SLM is the capability to use a wide range of metals from Ti-, Fe-, Al-, Ni-, Co- to Cu-
based powders [20].  

1.2 SPS process 
The SPS process is a modern powder metallurgy consolidation technique with simultaneous 
application of a low voltage, high pulse current, and uniaxial pressure-assisted punch 
electrodes [21]. The key advantages of this sintering method over the hot isostatic 
pressing (HIP) method include high densification level obtained in a short time and a wide 
range of sintering temperature (up to 2000 °C), fast heating rate (up to 1000 °C/min) 
compared to the conventional powder metallurgy methods (Fig. 1.2). The electrical direct 
current pulsed in a vacuum chamber generates the spark discharge, passing through 
graphite mold and powder particles [22, 23]. The pressure is controlled by a hydraulic 
system manipulating the piston, thermocouple control (TC) or pyrometer control (PC) is 
applied for temperature control [24]. SPS is developed for the consolidation of a wide range 
of metals, ceramics, cermets, oxides and composites in different dimensions (depends 
on the mold shape).  



13 

 
Figure 1.1 Schematic of a selective laser melting (SLM) device.  
 

 
Figure 1.2 Schematic of a spark plasma sintering (SPS) device with graphite punches, mold and 
lattice/sample configuration.  

1.3 Ti6Al4V and 316L metallic powders 
Argon atomized titanium alloys have been extensively applied for aerospace structures, 
antibacterial surfaces, biomedical engineering, and orthopedic implants (i.e., femur bone 
as lattice, pelvic girdle as bulk, hip, vertebra and skull) because of excellent 
biocompatibility, flowability/sphericity, strength-to-weight ratio, wear and corrosion 
resistance in comparison with other metal alloys (Fig. 1.3) [25-29]. Ti6Al4V grade 5 
containing 5.5-6.75 wt. % aluminum and 3.5-4.5 wt. % vanadium with density of 4.43 g/cm3, 
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particle size ≤ 45 µm and melting point ≥ 1600 °C has excellent strength, stiffness, low 
density and high wear resistance [30, 31].  

Apart from biomedical and chemical applications of stainless steel, it is counted as 
exceptional concerning its excellent powder fluidity in the SLM approach, corrosion 
resistance, and strength at high temperatures. Excellent mechanical properties and wear 
resistance of 316L and Ti6Al4V alloys motivated us to mix them and improve the 
mechanical characterization. The 316L powder (with density 7.95 g/cm3) is an austenitic 
low-carbon stainless steel containing 16-18 wt. % chromium, 10-14 wt. % nickel and  
2-3 wt. % molybdenum. 316L stainless steel can be applied for a wide range of 
applications, e.g., biotechnology, medical/surgical instruments, metallurgy, tribology, 
and tissue engineering [32-35]. The approval of 316L alloy was influenced either by the 
satisfactory or excellent mechanical properties or/and fair cost. It is usually recommended 
for a wide industrial application of parts and assemblies. The lower carbon content and 
non-magnetic effect of the material makes it suitable for corrosion and wear resistant 
applications [36, 37].  
 

 
Figure 1.3 SEM micrograph of Ti6Al4V powders.  

1.4 Diamond particles 
Printing diamond particles is a big challenge and edge of AM craftsmanship that has up 
to now only reported as a patent from Lockheed-Martin company. However, printing 
pure diamond particles or mixed with metal powders depends on the ability of laser 
power and other 3D printer’s parameters. One such route is via metal-coated 
polycrystalline diamond (PCD), which is also used in our research. The coating is usually 
based on cobalt, nickel, aluminum, and copper, or their alloys (Fig. 1.4). It is commonly 
used for its good thermal conductivity in electronic components and/or wear resistance 
in tunneling equipment. It was shown in recent literature/patents that optimized content 
of 316L, Ti6Al4V and diamond powders can be mixed or/and sintered as solid via different 
approaches. The final result has surveyed uniform distribution of diamond particles 
throughout the specimen and the role to improve the wear rates and improved crack 
resistance [38-42]. However, SLM-SPS combined method in the current thesis is a totally 
new idea to replace older methods.  
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Figure 1.4 Diamond particles coated by 30% nickel.  

1.5 Cellular lattice structures  
Cellular metallic lattices/scaffolds are integrated structures with designed periodic voids 
and struts. The mechanical properties of lattices are a function of the volume fraction 
(VF, the weight/density ratio of the metallic lattice relative to the weight/density of the 
base material or occupied solid volume), the unit cell size and strut diameter [43]. 
Nowadays, focus is shifted towards three patterns repeating in perpendicular directions, 
known as triply periodic minimal surface (TPMS) that has complicated mathematic 
equations [44, 45]. TPMS structures are continuous surfaces and of relevance in natural 
science, which is interesting for mathematicians, architects and engineers. Cellular lattice 
and TPMS structures (including continuous surfaces and continuous rods/struts) have 
been applied in many engineering fields, such as in tissue engineering and structural 
engineering [46-48]; they have proved to process required strength and stiffness, optimal 
thermal and electrical conductivities, fluid permeability, and biocompatibility. Some of 
titanium alloy lightweight printed scaffolds are shown in Fig. 1.5.  
 

 
Figure 1.5 Type of manufactured TPMS structures using the SLM method: A) Rectangular,  
B) Primitive, C) Lattice, D) Gyroid, E) Honeycomb (dimension of samples is 20 mm in diameter and 
15 mm in height; weight of samples is between 3.30-5.50 g).  
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1.6 Objectives of the study 
The main aim of the present study is to introduce and develop the production of the 
metal-ceramic composite to have ductility of metal and hardness of ceramic with the 
help of SLM and SPS techniques. Objectives of this thesis are:  

• To design and manufacture functionally gradient lattice structures, including 
metal, ceramic and mixed/embedded layers that enable higher 
weldability/ductility at the bottom layer (more metal) and higher hardness at 
the top (more ceramic) for tribological applications.  

• To add the different percentage of diamond particles to metal alloys (10 wt.% 
and 5 wt.% PCD particles in the 316L or Ti6Al4V powders) for 3D printing for the 
first time to investigate brittleness of struts, to consolidate diamond particles in 
situ and to provide a potential possibility for filling by other hard materials in 
SPS.  

• To improve the compression strength and damage tolerance of the  
titania-titanium composite (SLM manufactured Ti6Al4V lattice filled with  
TiO2-Ag powders and consolidated by SPS) for antibacterial applications.  

• To conduct the mechanical-biomedical characterization of different types of 
lightweight metallic structures (rectangular, primitive, lattice, gyroid and 
honeycomb) made by titanium-wollastonite for transporting oxygen and to 
convey the fluid, growth of cells, load-bearing, and bone replacements.  
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2 Materials, methods and lattice printing  
Functionally graded lattices (FGL) manufactured by a SLM metal printer and filled with 
hard materials such as diamond particles, WC-Co, or cubic BN that are later sintered with 
the SPS are proposed as the approach to fabricate parts with improved abrasion-impact 
wear resistance. A schematic of such FGL structure with a fully-metal region at the 
bottom for better weldability/ductility, gradient interlayers (metal-ceramic or metal-metal 
composite for industrial applications) and wear resistance (high hardness and damage 
tolerance) at the top is illustrated in Fig. 2.1. These scaffolds/lattices can be consolidated 
via SPS with various types of hard materials [49], ceramics, metals or oxides for 
antibacterial [50], biocompatibility [51, 52], and tribological [53] applications.    
 

 
Figure 2.1 FGL structure with a dense metal region at the bottom for better weldability and ductility, 
interlayers gradient metallic and highly ceramic layer at the top. Sample with 20 mm diameter was 
designed for corresponding SPS mold [Publication 1].  

2.1 Fabrication of gradient structure  
The sketch of the FGL structure obtained by combined SLM-SPS routes is given in Fig. 2.2. 
From bottom to top, Ti6Al4V or 316L metallic lattice content/share decreases and 
diamond particles contents increase. The three most important parameters for the 
printing of metallic lattices by the SLM method are as follows: laser current  
(LC=3000 mA, corresponding to 72 W power), exposure time (ET=600 µs), and point 
distance (PD=1 µm, only solid parts, not used for lattice structures) [54]. In addition, we 
use the platform made from the same material as metallic lattice to be printed.  
The thickness of every layer was 25-50 µm and the supports were used to connect the 
printed part to the platform (depends on the machine and desired part densification). 
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Argon or nitrogen was applied as a protective gas during a process inside the printing 
chamber [55].  
 

 
Figure 2.2 Schematic of material with FGL structure (during preparation before sintering) 
[Publication 5]. 
 

Three fabricated FGLs made from Ti6Al4V by the SLM technique are shown in Fig. 2.3. 
The size and the diameter of the SPS mold used can be varied depending on the 
application (tribological, mining, tunneling, etc. [56, 57]). The structure of the specimens 
is denser (higher volume fraction) at the bottom and decreases gradually towards the 
top, with 42 %, 30 %, and 16 % volume fraction of metal sequentially. The outer 
dimensions of the specimens are Ø20×18 mm, Ø30×24 mm, and Ø50×30 mm. However, 
the quality of manufactured lattice depends on the machine design and is influenced by 
the properties of the powders. The best route to find out the optimized printing 
parameters (LC, ET, and PD) is to investigate the powder micrographs and 
characterizations from supplier companies [58-63].  
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Figure 2.3 Demonstration of the possibility of fabrication of Ti6Al4V lattices of required size 
functionally graded from bottom to top in three metal volume fraction stages (42, 30, and 16 %). 
The diameters and heights of samples are: A) Ø20×18 mm, B) Ø30×24 mm, C) Ø50×30 mm 
[Publication 1].  

2.2 Diamond-metal composite printing  
It is also possible to manufacture composite materials including diamond particles during 
the SLM. 3D printed struts with a mixture of sintered Ti6Al4V and diamond particles with 
5 wt. % and 10 wt. % of diamond are shown in Fig. 2.4. In the case of 10 wt. % diamond 
particles mixture, the stickiness/adhesion of the struts is relatively weak (due to weaker 
bonding between diamond and metals; the diamond particles are not melting during the 
printing procedure), which leads to a more brittle scaffold structure. The problem can be 
solved relatively by decreasing the fraction of the diamond particles in the cross-section 
of the strut (thicker metallic lattice rods). Ti6Al4V lattice structure in desired unit cells 
with 10 % diamond particles was printed on 70 mm diameter and 40 mm height Realizer 
SLM50 platform, including two failed jobs (Fig. 2.5). As shown in Fig. 2.5, the lattices are 
brittle with an increase in the diamond content, and printed samples can collapse during 
the manufacturing process [56, 57].  
 

 
Figure 2.4 3D printed Ti6Al4V lattice with A) 5 % and B) 10 % diamond particles of volume content. 
The unit cell size is 1 mm and the strut diameter 0.2 mm in both cases [Publication 1].  
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Figure 2.5 Ti6Al4V lattice structure in different unit cells with 10 % diamond of the volume content 
on the 70 mm diameter SLM50 platform.  

2.3 Post-processing procedures  
Nitriding, carburizing, PVD coating of lattice blasting by alumina nanopowders, polishing, 
and SPSing along with hard materials are known as post-processing of metallic lattices 
after the SLM route. The alumina nanoparticle blasting/cleaning can treat the 3D printed 
Ti6Al4V struts. The results of the process are shown in Figs. 2.6 and 2.7 for different strut 
diameters. Nano-particle post-blasting has a crucial role to avoid single inclusions weakly 
stuck to the main structure surfaces/struts that are especially important for biomedical 
applications with precisely defined void/strut dimensions because separation of 
uncontrollable metallic powders is not desirable in vivo. The effect of pore region and 
strut geometry [64] is becoming more important when a gradient bio-structure is applied 
with different pores sizes [65] and treatment/modification of surface is definitely needed 
[66].  
 

 
Figure 2.6 Ti6Al4V lattice structures with 1.5 mm cell size and 0.2 mm strut diameter A) after 
printing and B) after blasting with alumina nanoparticle [Publication 1].   
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Figure 2.7 Ti6Al4V lattice structures with 2.0 mm cell size and 1 mm strut diameter A) after printing 
and B) after alumina nanoparticle blasting [Publication 1].  

 
In this study, the design, simulation, and the test of TBM parts including cutterhead, 

drag bits, inserts, and buttons are considered against impact-abrasion [67-69]. The TBM’s 
insert made by conventional powder metallurgy methods (first pressing and then 
sintering) and 3D printed structure prepared for filling/consolidating by HIP or SPS are 
presented in Fig. 2.8. Nitriding of titanium alloy lattice (to obtain TiN) as reinforcement 
can provide improvement in the wear and corrosion resistance of materials is still going 
on. Nitriding idea is applied to create hard face, instead of using diamond. The Ti6Al4V 
lattice (argon-atomized powders that are sintered in the SLM50 chamber under vacuum 
pressure of argon) was heated in vacuum nitriding furnace (VNF) under constant nitrogen 
gas, flowing with a 10 °C/min heating rate and 90 min holding time at the nitriding 
temperature mentioned below. Digital photos of nitriding Ti6Al4V lattice structures with 
2 mm cell size, 2 µm strut diameter, and different nitriding temperatures (750 °C, 900 °C, 
1050 °C) are shown in Fig. 2.9.  
 

 
Figure 2.8 Tunnel boring machine insert produced by the conventional powder metallurgy method 
(A), 3D printed structure for HIP (B), 3D printed structure ready for filling and following 
consolidation by SPS (C) (length, width and height of sample is 36×16×30 mm) [Publication 4]. 
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Figure 2.9 Manufactured untreated Ti6Al4V lattice (A), heated and nitrided Ti6Al4V lattices at  
750 °C (B), 900 °C (C) and 1050 °C (D). Metal volume fraction and unit cell size are 6 % and 2 mm, 
respectively (diameter of lattice structures is 20 mm and height is 15 mm) [Publication 4].  

2.4 Unit cell design  
Metallic lattices can be produced uniformly or gradually by metal or ceramics for impact 
absorption or armor piercing (AP) applications. A metal-ceramic functionally gradient 
structure is proposed to gain high metal content at the bottom (best ductility), composed 
of metal-ceramic (Al2O3 sintered inside printed Ti6Al4V lattice) interlayers, and pure 
ceramic at the top (highest hardness). In addition, the mixed Ti-Al composite (titanium 
has higher density and strength than aluminum) can be developed based on weight and 
application. This fact can be controlled by cell sizes and strut diameters. Selected design 
of unit cell type/architecture of lattice regarding the application is shown in Figs. 2.10 
and 2.11 as SolidWorks/CAD designed and 3D printed. For impact absorption cases,  
body-centered or face-centered cubic (BCC or FCC) structure can be investigated [70-72].  
 

 
Figure 2.10 SolidWorks design of unit cells to absorption of impact energy (for example trap the 
ballistic bullet) and resistance against buckling/compression [Publication 6].  
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Figure 2.11 Manufactured scaffolds from different cellular lattice cells to absorb the impact energy 
(see Fig 2.10 for the unit cell structure). Different unit cells lead to different volume fraction and 
proportion of lattice structure in sintered/filled solid sample (diameter of lattice structures is 20 mm 
and height is 15 mm) [Publication 6].  
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3 Modelling and simulation study  
In this study, in the case of prototype lattice structures or composite solid samples, 
SolidWorks, Ansys and COMSOL software were applied to assess the behavior of 
materials under impact, compression and abrasive loadings [50-57, 73, 74].  

3.1 Design of gradient structure  
A SLM50 Realizer device with a laser power of 75 W was applied for the fabrication of 
Ti6Al4V alloy (Gd5 powders with size ≤ 45 𝜇𝜇m and density 4.43 g/cm3 supplied by TLS 
Technik GmbH) in configuration of functionally graded lattice (FGL) structures, namely, 
uniform lattice, FGL in the longitudinal direction (bottom to top) and circumferential 
directions (inner to outer) with 1, 1.5, and 2 mm cell sizes (Fig. 3.1). Finer mesh lattice 
(such as bottom layer in Longitudinal FGL or inner layer in Circumferential FGL) has higher 
resistance and lower shrinkage when subjected to compression during the SPS process. 
The sintered samples are manufactured by SPS after filling by pure Aluminum (or Al alloys 
like 7075 or AlSi10Mg) and fixing inside a graphite mold (Fig. 3.2) for different protective 
applications, e.g., against ballistic impact [75], multi-layered metallic plates against 
projectile [76], perforation comparison of Al-alloy with Fe-alloy [77], and 
Ti6Al4V/ceramic/ AlSi10Mg armor piercing [78].   
 

 
Figure 3.1 Ti6Al4V lattices: A) Uniform with 1.5 mm cell size, B) Longitudinal gradient,  
C) Circumferential gradient (gradient structures have 1 mm and 45 %, 1.5 mm and 30 %, and 2 mm 
and 15 % cell sizes and volume fraction (VF), respectively. All lattices have 50 mm diameter and  
30 mm height). Final weights of Ti6Al4V lattices are A) 20 g, B) 30 g, C) 25 g. Arrows show increased 
VF directions in metallic lattices.  
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Figure 3.2 Ti6Al4V-Aluminum samples after SPSing (see Fig 3.1 for lattice structures): A) Uniform, 
B) Longitudinal gradient, C) Circumferential gradient (final heights of samples are 14, 18 and  
16 mm, respectively). Final weight of samples is around 80 g after polishing, namely A) 20 g + 60 g, 
B) 30 g + 50 g, C) 25 g + 55 g of Ti6Al4V lattice and Al filled powder.  

3.2 CAD modelling of gradient structure  
Four lattice-included cylindrical samples (Ø12×15 mm) modelled in identical conditions 
(fixed in the end and free deformation in axial direction) via SolidWorks CAD software 
are shown in Fig. 3.3. The first and second samples were modeled by a uniform 
embedded/distributed lattice structure throughout the sample in 3 mm (coarse mesh, 
Fig. 3.3A) and 1 mm (fine mesh, Fig. 3.3B) unit cell size. For all samples, lattice structures 
were made by Ti6Al4V titanium alloy filled inside plain Al, to have strength, impact 
absorption ability, lightweight and ductile structure. Two last samples were reinforced 
with longitudinal/axial (Fig. 3.3C) and circumferential/radial (Fig. 3.3D) FGL structure 
gradually designed by 1 mm, 2 mm and 3 mm unit cell sizes and lattice-free volume at 
the top or around of the sample.  

Instead of metal-metal hybrid samples it is possible to apply a metal-ceramic 
composite in the uniform or axial/radial gradient configuration [79-82]. Then, Ansys 
Workbench analyzer and AUTODYN solver can display deformation and Von Mises stress 
for samples subjected to compression, impact and abrasion. This method demonstrates 
the difference between the plain samples, uniform lattice (in course and fine mesh) and 
FGL structures (in vertical and horizontal directions). The aim is to develop a method to 
predict the mechanical characterization of new metallic structures or plain ceramics.  
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Figure 3.3 Samples designed by SolidWorks as lattice-included composites: A) Uniform 3 mm cell 
size, B) Uniform 1.5 mm cell size, C) Longitudinal gradient, D) Circumferential gradient.  

3.3 Simulation of compression test  
The composite structure where TiO2-Ag-doped was embedded inside titanium  
lattice modelling showed not only increased damage tolerance but also increased 
ultimate compressive strength as compared to unreinforced and plain ceramics.  
The compression test results showed large lost pieces in the case of ceramics, whereas 
ceramics in the metal-ceramic sample was fractured into sub-micrometric particles  
(Fig. 3.4). Numerical simulation prepares an estimation of cermet composites strength 
produced by combining SLM and SPS techniques subjected to impact, abrasion and 
compression loading. The finite element can decrease the cost of mechanical 
characterization for focusing only on antibacterial analyses. The results illustrate a 
fracture for pure ceramic at 500 MPa while buckling for metallic lattice-included starts 
from 1200 MPa (Fig. 3.5). Damage tolerance of Ti6Al4V-TiO2 composite was influenced 
significantly by the density of ceramic (layer thickness definition in SLM device) and 
strength of metal-ceramic bonding (pressure and temperature adjustments in the SPS 
device) [83-85].  
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Figure 3.4 Appearance of (a) TiO2, (b) composite structure with TiO2-Ti6Al4V hybrid after 
compressive testing (sample diameter is 10 mm) [Publication 2].  

 

 
Figure 3.5 Compressive strength modelling of A) Plain TiO2 ceramic; B) Ti6Al4V lattice structure 
performance including TiO2 ceramic. Simulation condition and dimension are identical for the 
ceramic and the lattice structure [Publication 2].  

3.4 Simulation of impact test 
Pure TiO2 and TiO2 embedded into Ti6Al4V lattice structure were compared under  
high-speed impellent to investigate the shock absorption. The experiment was designed 
in SolidWorks software (20 mm diameter and 4 mm thickness for sample and 2×2×2 mm 
cell size for lattice structure) and it was analyzed by Ansys software (explicit dynamic 
nonlinear simulation of 1 s impacting process, 100 m/s impeller velocity). As can be seen 
in Fig. 3.6, the sample with TiO2 embedded into the Ti6Al4V lattice structure is fixed and 
the impeller blade will be crashed to the middle of the sample. Comparison between Figs. 
3.7A and 3.7B illustrates the resistance of the lattice structure against the impact. At the 
same impact time, boundary condition and speed, titania (ceramic) is split into two parts 
but titania-titanium (cermet) absorbed the stroke of the impeller without disjunction of 
ceramic. Von Mises stress is decreased in the contact region of the lattice-included 
sample and the stress concentration is located in the lattice structure, not in the ceramic.   
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Figure 3.6 SolidWorks design of the sample and the impeller. 

 

 
Figure 3.7 Ansys analysis of A) Pure TiO2 without lattice; B) TiO2 embedded Ti6Al4V lattice structure 
samples subjected to impact.  

3.5 Simulation of abrasion test 
A finite element model to show the benefits of the lattice-included structure of TBM drag 
bit inserts against abrasion (scratching or sliding) (Fig. 3.8) was designed/simulated by 
SolidWorks/Ansys software. The results show the ability of the lattice structure to absorb 
energy and decrease the rising of local stresses. Plain diamond sample (without lattice) 
and diamond with Ti6Al4V lattice were compared in the case of Von Mises stress 
distribution.   
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Figure 3.8 SolidWorks design of consolidated diamond particles with and without lattice structures.  
 

The steel (as wall) was chosen to illustrate the behavior in the critical conditions.  
The components were meshed and the boundary conditions were defined with the help 
of Ansys workbench analyzer and AUTODYN solver, as can be seen in Fig. 3.8. The strut 
diameter of the modelled lattice structure was 200 µm and the unit cell size was         
1×1×1 mm3.  Sliding speed was set at 1 m/s and distance was 1 m. Stress distribution of 
diamond particles at the end of abrasion is demonstrated in Fig. 3.9. It is shown that the 
lattice-free sample is broken in tip during the sliding while the diamond with lattice 
experienced mainly minor deformation with some loss of extruded metal lattice 
(diamond particles are not lost, Fig. 3.9). Fig. 3.10 shows that separated particles are 
Ti6Al4V parts, not diamond particles.  
 

 
Figure 3.9 Ansys analysis of Von Mises stress distribution of TBM inserts: A) Conventional plain, B) 
SLM lattice consolidated by SPS.  
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Figure 3.10 Ansys analysis of stress distribution on the lattice embedded into diamond plain (red 
dots are separated particles during the sliding).  
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4 Results and discussion  
Interdisciplinary application is supposed to be obtained from the combination of  
SLM-SPS routes. However, preliminary outlook has been depictured for the future 
perspective of AM, as well as the study of antibacterial, biomedical, mining/tunneling, 
and tribological applications.   

4.1 Antibacterial application 

4.1.1 Structural study 
The appearance of ZrO2, TiO2 Anatase, 50% ZrO2 and 50% TiO2, TiO2 and 2.5% Ag, TiO2 
Rutile, and TiO2 embedded in Ti6Al4V lattice composite materials is shown in Fig. 4.1.  
The color of pure anatase TiO2 ceramic changes from greyish to whitish with darker spots 
for TiO2-2.5% Ag ceramic. The TiO2-Ti6Al4V composite structure has good interphase 
cohesion and uniformity between ceramic bonds and metallic cellular struts. Some 
porosity is seen at the interphase, at the areas of the higher surface roughness of the 
printed metal lattices. It is preferable to face the surface with pure ceramic for an 
antibacterial application. Based on this logic, the best condition for an antibacterial 
application would be a lattice that includes ceramic for lower layers and pure ceramic 
without lattice for outer surface.  
 

 
Figure 4.1 A) ZrO2, B) TiO2 Anatase, C) 50% ZrO2 and 50% TiO2, D) TiO2 and 2.5% Ag, E) TiO2 Rutile, 
F) TiO2 embedded in Ti6Al4V lattice (diameter of samples is 20 mm and final heights are 3-6 mm 
after SPSing).  

4.1.2 Antibacterial assay  
Antibacterial activity of lattice-included composites before and after SPSing and the 
cermet composites and ceramic materials towards Escherichia coli K12 MG1655 was 
evaluated after 30 min and 4 h exposure (Fig. 4.2) while using ZrO2 surface as negative 
control. Among the tested materials in dark conditions, the highest antibacterial effect 
corresponding to reduction in Escherichia coli viability was observed for TiO2-2.5% Ag 
ceramics already within 30 min compared to negative control and no viable bacteria were 
detected at the detection limit of about 450 CFU per surface. Silver-doped titania for 
increasing photocatalytic activity has been studied in [86-88] and can be applied for 
water pollutants with the help of 3D printing [89]. Adding metallic lattice to ceramic 
silver-doped titania material decreased the antibacterial effect compared with plain 
ceramics and increased the damage tolerance. The solution is to cover the TiO2-Ag-TiAl4V 
surface with a thin layer of pure ceramic material to hide/cover the lattices from surface.  
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Figure 4.2 a) Lattice-included composites before and after SPSing, b) Viability of E. coli MG1655 on 
ceramic and composite hybrid surfaces after 30 min and 4 h exposure in the dark and  
UVA-illuminated. Columns represent recovered viable bacteria as colony forming units (CFU). Mean 
and standard deviation of at least 3 independent values is shown on logarithmic scale and only 
statistically significant differences (p<0.05) are marked on the graph (*<0.05 and **<0.01) 
[Publication 2].  

4.1.3 Prospective applications  
3D metal printing is a promising approach to combine powder metallurgy for biomedical 
applications (lattice structure with bone shapes filled by biomaterials or Bioceramic 
scaffolds for controlled delivery of the antibiotic). The SLM method has the ideal 
capability to manufacture patient-specific artificial implants due to complicated body 
anatomy. Combining SLM with ceramic consolidation methods as SPS or HIP enables one 
to apply cermet and functionally graded material (FGM) productions in hip joint, rib cage, 
bone truss, tooth implant, etc. Furthermore, metal to ceramic gradient can be produced 
in either longitudinal (Fig. 4.3A) or circumferential directions (Fig. 4.3B) [91, 92] according 
to skeleton configuration.  

Photosynthesis of water into constituent parts, H2 and O2, is achieved using solar or 
UV light for producing hydrogen fuel cells [92]. Water splitting is needed for titania 
semiconductor photoelectrode combined counter metal electrode such as platinum to 
increase H2 generation [93]. Possible design of mechanism is shown in Fig. 4.3C, which 
can be produced by using the SLM-SPS method for solar powered vehicles. Regardless of 
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antibacterial and industrial fields, glasses frame, watch screen and car dashboard are 
considered as some luxury applications for metal-TiO2 composite [94, 95]. Luxurious 
overview of 3D printing is illustrated in Fig. 4.3D with emphasis on watches with 
antibacterial effect on the top and/or bottom surface.  
 

 
Figure 4.3 A) Sketch of hip joint and gradient longitudinal FGL connection to pelvis; B) Sketch of 
lightweight refractory femur bone structure; C) Photosynthesis of H2O by combined TiO2 and Pt 
photocatalyst using the SLM-SPS method; D) luxurious application to produce watches with 
antibacterial effect in surface or bottom.  

4.2 Biomedical application 
Combination of the SLM-SPS approach is introduced for producing metal-ceramic hybrid 
composites for chronic osteomyelitis, Vancomycin local delivery, and infected bones 
replacement in tissue engineering. The pure wollastonite (CaSiO3) with a particle size of 
1-5 μm (NYAD supplier, grade 1250) is filled and consolidated into spaces of atomized 
argon Ti6Al4V cellular lattice structure via SPS (Fig. 4.4). The process was performed with 
the pressure of 30 MPa at a holding temperature of 1100 °C with a heating rate of  
100 °C/min and a holding time of 5 min [96-98]. Wollastonite composition includes  
48.28 % CaO and 51.72 % SiO2, while natural mineral may contain a small amount of iron, 
aluminum, magnesium, potassium, and sodium. SLM manufactured Ti6Al4V lattice with 
1 mm unit cell filled by CaSiO3 powder, sintered in SPS, polished by sandpaper, and good 
boundary between ceramic and lattice resulted after SPS, as shown in Fig. 4.5.   
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Figure 4.4 A) Wollastonite (CaSiO3) powder; B) SLM produced Ti6Al4V lattice structure with 1 mm 
cell size; C) Sintered sample (dimensions of lattice structure: 20 mm diameter and 15 mm height 
before SPS and 6 mm height after SPS and polishing) [Publication 3]. 

 

 
Figure 4.5 A) CaSiO3 powder, B) A unit cell of Ti6Al4V with four cross sectional lattice rods/struts 
and a size of 1 mm (black dots are graphite sheet pieces after SPSing).  

4.3 Tunneling study 

4.3.1 Overview of TBM components manufactured by 3D printing  
Hard materials with high wear resistance are most wanted in mining, metal machining, 
cutting, drilling, and tunnel boring machine (TBM) applications to increase productivity 
and to reduce the risk/time/price required for exchange operations. To assess the 
impact-abrasion performance, the configuration of the cutterhead, drag bits, inserts and 
buttons of TBM is schematically shown (CAD design) in Fig. 4.6. Up to now, the inserts 
were prepared by traditional powder metallurgy methods and nowadays, 3D printing 
technology is available to prepare samples for HIP or SPS post-processing procedures.  
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Figure 4.6 A) Schematic of tunnel boring machine cutterhead; B) Position of buttons and inserts in 
the drag bit (TBM diameter is 3000 mm, drag bit dimension is 195×115×90 mm) [Publication 4].  

4.3.2 Mapping of impact-abrasive wear performance 
It was confirmed by laboratory testing that the reinforcement by diamond particles 
added to metal alloy powders provides the best improvement when compared to a plain 
sample (Fig 4.7A) and sintered inside metallic lattice (Fig. 4.7B). Both samples showed up 
to 2-6 times improvement in impact-abrasive wear conditions. Table. 4.1 gives the list of 
equipment required to fabricate the samples. To test the proposed fabrication 
technology, six materials were manufactured. 

The mingled impact-abrasive tribo-device (IATD, Fig. 4.7C) was applied to test the 
samples. Sequential impact energy of 5.6 J and frequency of 27.5 Hz were provided by an 
impact generator (industrial hammer drill from Makita). The samples were experiencing 
reciprocate drill impact movement along with the rotating wheel to supply abrasive 
(made from WC-Co) with a force of 49 N and velocity of 1 m/s. Ottawa sand (used in 
ASTM G65 standard, particle size 0.2-0.3 mm) served as abrasive that was feuded through 
the nozzle into the contact region between the wheel and the sample [69, 99].  
The test duration was 5 minutes, simulating 300 m of sliding distance.  
 

 
Figure 4.7 Digital photograph of samples: A) Without lattice; B) With Ti6Al4V lattice; C) Positioning 
the sample, impact drill and abrasive wheel in laboratory.  
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Table 4.1 List of machines used.  

Process Machine, Specification 

Selective Laser Melting (SLM) Realizer SLM50, construction volume Ø70 × 40 mm, layer 
thickness 20-50 µm 

Spark Plasma Sintering (SPS) FCT System, up to 2200 °C and 100 MPa, 1000 °C/min 
heating rate 

Impact-abrasive tribo-device (IATD) Tribosystem, up to 19 J impact energy and up to 55 Hz 
impact frequency 

Vacuum Nitriding Furnace (VNF) R. D. WEBB, up to 1700 °C, nitrogen flow and 10 °C/min 
heating rate 

Scanning Electron Microscopy (SEM) Hitachi TM-1000, magnification 20-10,000 X 

3D Optical Surface Profiler (OSP) Bruker ContourGT-K0+, lost volume calculation to cubic 
nanometer range 

Energy-dispersive Spectroscopy (EDS) Zeiss EVO MA15 SEM with INCA Energy 350 X-ray micro-
analyser 

4.4 Tribology study 
As shown in Fig. 4.8, different mechanisms can be applied for the impact-abrasive test:  
a combination of steel rotating wheel (abrasion) and reciprocating/drilling (impact) in 
IATD machine (Fig. 4.8A) or a combination of reciprocating plunger (abrasion) and sliding 
(impact) in oblique sample fixed under 30°-45° angle in Fig. 4.8B [100].  
 

 
Figure 4.8 Simultaneous reciprocating and rotating motion to provide impact and abrasion test 
condition used at: A) TalTech University; B) AC2T Company.  

 
Six composites including Ti6Al4V, 316L, Cr and Mo in detail are described in Table. 4.2. 

Samples No.5 and 6 contain 316L lattice structure with 5 wt.% diamond and the rest of 
them are lattice-free. Mixing high strength and high corrosion resistance Ti6Al4V and 
high-density high ductility steel alloy 316L produces a resistant composite for relatively 
high strain and abrasive medium at high temperatures.  
The volumetric wear rate results of the impact/abrasive test on the IATD machine  
(Figs. 4.7C and 4.8A) are presented in Fig. 4.9 for the samples listed in Table 4.2.  
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It is demonstrated that samples No.3 (lattice-free) and 6 (lattice-included) have the best 
wear resistance due to the presence of Cr, Ni, Mo, Al, and V elements in the 316L and 
Ti6Al4V alloy powders, which even promotes the excellent mechanical properties.  
The analysis of the results shows that: 1) Cr and Mo in sample No.2 made it more wear 
resistant than No.1; 2) Because of balance between Cr-Mo-Ni and diamond percentage, 
sample No.3 is more wear resistant than No.4.  
 
Table 4.2 Description of samples content (in units of gram) - Lattice structures with 1 mm cell size 
are printed from 95 wt. % 316L and 5 wt. % of “Diamond-56 wt. % Ni”. Average particle sizes are 
diamond 40-50 µm, Ti6Al4V 5-40 µm, 316L 30-55 µm.  

No. Diamond  
(56 wt. % Ni) 

Diamond  
(30 wt. % Ni) 

Ti6Al4V 316L Cr Mo Lattice 

1 8  4 4    
2 8  3.5 3.5 0.5 0.5  

3  6 5 5    

4  6 4.5 4.5 0.5 0.5  

5 8  3 3 0.5 0.5 4 

6  6 4 4 0.5 0.5 4 

 

 
Figure 4.9 Wear rate of samples during impact-abrasive test measured by 3D OSP (Di=diamond, 
Ni=nickel, Cr=chromium, Mo=molybdenum, and L=lattice) [Publication 1].  
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Conclusions 
The present study is an attempt to introduce combined SLM-SPS approaches mainly to 
optimize the production of wear and impact resistant materials by the combination of 
selective laser melting and spark plasma sintering. The current work seeks to address the 
following topics in industry focused fields:  

• New design by functionally gradient lattice in multi-layers enables higher 
weldability/ductility at the bottom layer (pure metal) and higher hardness at the 
top (pure ceramic or hard material). Position of the metal-diamond composite 
structure in the desired location (continuous change from 100% metal to almost 
100% hard reinforcement in uniaxial or circumferential direction) in the FGL 
structure was achieved.

• For the first time, it was shown that adding 10 wt.% PCD particles in the 316 L 
or Ti6Al4V powders results in slightly brittle scaffolds (in comparison to, e.g., 
5 wt.% PCD) due to the weaker intersection of struts (specially in thinner struts) 
because of insufficient amount of metal.

• Adding a higher content of transition/bonding metals (Mo, Cr and Ni) 
guarantees higher impact-abrasive resistance of the composite, along with the 
metal-coated diamond particles. A balance content between diamond powders 
and these bonding metals is pivotal in both lattice-free and lattice-included 
structure types.

• The SLM manufactured Ti6Al4V lattice was filled with TiO2-Ag powders and then 
consolidated by SPS. Compression strength and damage tolerance of the 
composites were shown to increase significantly as compared to plain 
TiO2-Ag ceramics (without lattice). For Plain ceramic, fracture occurs in 250 MPa, 
whereas, 2 mm unit cell lattice can postpone the strength to 600 MPa.

• Adding uniform metallic lattice to ceramic silver-doped titania material 
decreased the antibacterial effect compared with unreinforced ceramics. 
To overcome such a drawback, coating or filling of the surface of the sample 
with plain ceramic is preferable. 

• Also, the mechanical and biomedical properties of five types of scaffolds have 
been investigated as lightweight metallic structures, namely, rectangular, 
primitive, lattice, gyroid and honeycomb. Rectangular scaffold is supposed to 
transport oxygen and convey the fluid, whereas, honeycomb is suggested for 
the growth of cells. Ti6Al4V SLM manufactured product can be sintered along 
with CaSiO3 in SPS for load bearing and bone replacements.
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Future works 
Based on the results gained in our recent study, the following goals can be summarized 
for upcoming works:  

I. The effect of unit cells and strut diameters on the ductility and impact 
absorption will be studied.  

II. In the current study, mainly diamond was applied as hard reinforcement for 
different applications, while it is possible to use c-BN or WC-Co, etc.  

III. Instead of metal-ceramic cermet composite, it is suggested to use metal-metal 
hybrid composite for highest ductility and aerospace applications.  

IV. Different additive manufacturing powders/lattices can be considered to be filled 
by hard materials as binder metal alloy, including Ni-based (Inconel625 or 
Inconel718), Co-based (CoCrMo or CoCrW), Cu-based (CuNi2SiCr or Cu15NiSn) 
or Fe-based (high toughness type 1.2709 or high tensile strength type 1.4542).  

V. Simulation study of other mechanical characterization of 3D printed structures, 
i.e., densification, brittleness, fracture, fatigue and crack propagation.  
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Abstract 

Combination of SLM-SPS approaches for tribological, 
antibacterial and biomaterial applications  
The present study is focused on a new combined approach to fabricate parts with 
increased wear and impact resistance for use in industrial applications, such as 
tunnelling, mining, as well as in antibacterial (in-vitro) and biomedical (in-vivo) areas.  

In this case, a combination of selective laser melting (SLM) and spark plasma sintering 
(SPS) to 3D print functionally graded lattices (FGL) that are later filled/consolidated with 
metals, ceramics, hard material composites was used.  

FGL structures due to their novelties, desired distribution of metal and ceramic in 
longitudinal and/or circumferential directions, fast prototyping, and almost full 
densification has been introduced and developed as an outcome of the modern powder 
metallurgy field.  

3D printing of gradient structure along with post-processing procedures such as 
nitriding, chromium coating, blasting by alumina, filling by biocompatible ceramics, 
covering by antibacterial surface, and hard-materials adding to lattice structures are 
introduced in this thesis and related papers.  

Laboratory-developed Impact-abrasive tribo-device (IATD), scanning electron 
microscopy (SEM), X-ray diffraction (XRD), energy-dispersive spectroscopy (EDS), vacuum 
furnace nitriding (VFN) and optical surface profiler (OSP) were used to prepare, test and 
characterize samples.  

In addition, nonlinear finite element simulation was developed with the help of 
SolidWorks, Ansys, and Comsol Multiphysics software and explicit dynamic (AUTODYN 
solver) under impact, abrasion, and compression mode.  

Our coupled experimental and analytical results show that the FGL structure allows a 
more accurate and favorable distribution of diamond particles across the structure and 
our finite element simulations showed increased ductility and impact energy absorption 
due to a more uniform distribution of stresses throughout the volume of sample. 
 
Keywords: Additive manufacturing; Selective laser melting; Spark plasma sintering; 
Ti6Al4V and 316L lattice structures; Metal-diamond 3D printing; Polycrystalline diamond; 
Tunnel boring machine; Wear resistance; Finite element simulation; antibacterial and 
photoactivity applications.  
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Lühikokkuvõte 

Kombineeritud SLM-SPS meetod triboloogiliste, 
antibakteriaalsete ja biosobivate materjalide valmistamiseks 
Käesolev uuring keskendub suurenenud kulumis- ja löögikindlusega osade uuele 
kombineeritud valmistusviisile, mida võib kasutatada tööstuslikes rakendustes, näiteks 
tunneliehituses, kaevandamisel, samuti ka antibakteriaalses (in vitro) keskkonnas ja 
biomeditsiini (in vivo) alal.  

Selektiivse laserisulatamise (SLM) ja sädepaagutuse (SPS) kombinatsiooni kasutati 
funktsionaalselt moodustatud struktuuride (FGL) 3D-printimiseks (kolmemõõtmeline 
printimine), mis hiljem täidetakse metalli, keraamika või kõvasulami pulbriga ja 
paagutakse komposiitmaterjali valmistamiseks.  

Kaasaegse pulbermetallurgia valdkonna tulemused on võimaldanud välja töötada ja 
kasutusele võtta FGL struktuurid tänu nende uudsusele, metalli ja keraamika vastavale 
jaotusele detaili piki- ja / või ristisuunas, kiirele prototüüpimisele ja peaaegu täielikule 
tihendamisele (pooride puudumisele).  

Selles dissertatsioonis ja vastavates seotud artiklites tutvustatakse gradientstruktuuri 
3D-printimist koos järeltöötlusprotseduuridega nagu nitreerimine, kroomikihiga 
katmine, alumiiniumoksiidiga suruõhuga pritsimine (puhastamine), biosobiva 
keraamikaga täitmine, antibakteriaalse pinnaga katmine ja kõvade faaside lisamine 
võrestruktuuridesse.  

Katsekehade (katsematerjalide) töötlemiseks, katsetamiseks ja iseloomustamiseks 
kasutati laboratoorset löök-abrasiivset triboseadet (IATD), skaneerivat 
elektronmikroskoopi (SEM), röntgendifraktsiooni (XRD), röntgenmikroanalüüsi (EDS), 
nitreerimist vaakumahjus (VFN) ja optilist pinnaprofiili mõõteriista (OSP). 

Löök-, abrasiiv- ja survetingimused modelleeriti mittelineaarsete lõplike elementide 
meetodite abil (tarkvaraga SolidWorks, Ansys ja Comsol Multiphysics) ja  ekplitsiidse 
dünaamilise tarkvaraga (AUTODYN).  

Omavahel seotud eksperimentaalsete ja analüütiliste uuringute tulemused näitavad, 
et FGL-struktuur võimaldab teemandi (või muu kõvafaasi) osakesi jaotada täpsemini ja 
optimaalsemalt üle kogu materjali struktuuri; lõplike elementide simulatsioonid näitasid 
suurenenud plastsust ja löögienergia summutamist pingete ühtlasema jaotuse tõttu kogu 
materjali mahus.  

Funktsionaalselt moodustatud struktuuride kasutamine võimaldab valmistada 
mitmekihilise (gradientse) materjali, mida on võimalik keevitada  küljest, kus on 
maksimaalne metalli sisaldus, kuid maksimaalne kõvadus ja kulumiskindlus tekitakse 
teistes detaili kohtades (kus on maksimaalne keraamilise või muu kõvafaasi sisaldus). 
Saavutati metall-teemant FGL komposiitstruktuur, mille sees ühest küljest teiseni  
(piki- või ristisuunas) teemandi (pinnatud, adhesiooni parandamiseks)  sisaldus 0 kuni  
100 % pidevalt muutus (samal ajal metalli sisaldus muutus 100 kuni 0 % ni ). 

Esmakordselt näidati, et 10-massiprotsendiliste teemantosakeste lisamisel 316L või 
Ti6Al4V pulbritele saadakse habras võrgustik, kuid 5 massiprotsendiga struktuur  on 
tunduvalt parem, eriti prinditud elementide ristumiskohtades.  
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Suurema maatriksmetallide (Mo, Cr ja Ni) ja/või metallkattega teemantosakeste 
lisamine tagab komposiidi suurema löögikindluse. Teemandipulbrite ja nende 
maatriksmetallide omavaheline optimaalne sisaldus on otsustav faktor mõlemas nii 
võrgustikuga kui kui ka ilma võrgustikuta struktuuritüüpides.   

Ti6Al4V võrgustik valmistati SLM meetodiga, täideti TiO2-Ag pulbritega ja seejärel 
paagutati SPS-ga. Komposiitmaterjalide survetugevus ja kahjutaluvus suurenesid 
märgatavalt võrreldes tavalise TiO2-Ag keraamikaga (ilma tugevdava võrgustikuta). 
Survekatse jooksul komposiitmaterjal püsis tervikuna ja fragmentide eraldumine tekkis 
ainult 25 % deformatsiooni puhul.  

Ühtlase tugevdava metallvõrgustiku lisamine keraamilisele hõbedaga-legeeritud 
titaan dioksiid materjalile vähendas antibakteriaalset toimet. Sellise puuduse 
ületamiseks on eelistatav moodustada  komposiitmaterjal, mille sees võrgustik ei 
ulatu pinnani (välispind koosneb monoliitkeraamikast).  

Samuti on uuritud viit tüüpi (ristkülikukujulisi, primitiivseid, võre-, güroid- ja 
kärgstruktuure) luu implantaadi 3D prinditud struktuuri (poorsed, kõrge 
eritugevusega) mehaanilisi ja biomeditsiinilisi omadusi. Ristkülikukujuline 3D prinditud 
struktuur sobib paremini hapniku ja vedeliku transportimiseks (levitamiseks), 
kuid rakkude kasvatamiseks soovitatakse kärgstruktuuri. 3D printimisega 
valmistatud Ti6Al4V struktuuri (võrgustiku) saab paagutada koos CaSiO3-ga 
SPS meetodiga luu implantaatideks või osaliseks luude asendamiseks.  

Märksõnad: Kolmemõõtmeline printimine; Selektiivne lasersulatus; 
Sädepaagutus; Ti6Al4V ja 316L võrestruktuurid; Metall-teemant 
komposiitmaterjali 3D-printimine; Polükristalne teemant; Metrootunnelite 
läbinduskombain; Kulumiskindlus; Lõplike elementide simulatsioon; 
antibakteriaalsed ja fotoaktiivsed rakendused. 
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J������JN�Jxaaefifl_eJ[\Jo�qJucSvOJo�qJ_[̀ a[bcdeJbdij_djieJhcdsJucSvwuc�xg�WJstmickJf\deiJ_[̀ aiebbczeJdebdclpJobf̀ ageJkcf̀ edeiJhfbJ]|J̀`JflkJjlcdJ_eggJbc{eJhfbJ]J̀`qrJ�3�6��
1);;� * �����@�B"�#$�@�B��!;�+���+�*����*�����"�#$%"��)����-.*�� ���*��!;*�++�=���+����@+ !;���� !���*� +��!! ����������+���� +�!!B&"��;*�;�+��� ���*�!��� ��+!����!;�+����-.*��+�+=�+� �������A���*���&"�*��!���+������*! ���������.���+������+���&��*������,*+�!���� � ;;����+�* ���;��$%�;�*��������*�-� + .+�*.����*� ** ���!��� ���� +�������*! ���������!�� ����� �����&"���� +���!�����+�������!;�+����-.*��@�'�%��� B� ++����,� ���-����*�� ������ +���!�����+��.���+�; * ������+�������+�"��)���@����%�$��� B ��"�#$@�$��%$��� B& ����!�����*������������ +���; *��������!;*�++�=��� ������*=� �* �<���+����� +�.+�*=��&"��+� +��������*�!�= ����* ���*�+����* !�����!���+�>;�+�������+�*� ��@+���! ��� ��-+������A���*����¡���$B&¢�������-�������;�����+�*� ���>;�+����* !�����!���+��*��* �� ��-*�!�=��� �����+*�! ���� +���! ������*! ����!��� ��+!��*���;� +�������*! ����������-.*�����*���¡����&)������� ��-��������*��*��* !�����!���+��*��* ���*�� ++������A���*����¡����&"���;;�+�����*���*�!!�� ����� �����@����� ���.-.� �< **��+��A���*���B�������. �<C;*�++�*� ���* ���*����* !��;����+����!.��������� �������!�� �� �����&"��+����* ��������*� +������ ! ������* ����������!;�+����-.*������*��!;*�++�=��� ����&



��������	
����� ������������������� !"!#$ �%&�'()�*+,-.�'/)�$%0�%1+2 �12"3$23" �4+25�*+,-6*+7�89:�5;<"+=�!&2 "�$%0�" 11+> � 12+#?�'1!0�8 �=+!0 2 "�4!1�@A�00�!#=�3#+2�$ 88�1+B �4!1�@�00)C�
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��]+['\]+]]ĉ �������������
a�	���	��9��������	�&���	��������]+[%�]+]+�%�+[�['�++�]����������������������	�#��	��&�������
��������������������	�
"#$���������	��

dJNJIJMFJEe[f��6���������	���������:b�����������������	�����	�����g
�������	��������������������������$�����
������7�����:chijklmkhnompqlr:����/:���//[\/'+:]+[+�e]f$�$���	�$�̂ �:b���������������	���	��!����	�����	�������	������������������	��
����������7���������g��������	�	��7������	�:csrtpnlrukrvqwpklxv:����//:���%_]\%*[:]+[%�e�f��6��������:��3���������:�	���6���������:b�����������������	��
&�'(�%)�����
���������������������	�g�����������	����	��	���������������������	:cyoznvruo{|uuojkrvq}o~�ozvqk:����/_�:���%+%\%+*:]+[%�e%f����	:"�&�	:��8�&��:�	�2�6�6��	�:b�����������������	��
���	���������['1��������������	��������������:csrtpnlrukrvqwpklxv:����[+%:���[*.\]+%:]+['�e/fY� 8��	��: Z� �̀���	������: )� �̀� �	���: �	�$�8�����	���:b(��������	�
������(���[+9�����������	���������1����9���	���19�g������������:���������
�����:�	�
��������������:csrtpnlrukrvqwpklxv:�����%:���[/*\['*:]+[]�e'f̀ �3�#�!:5�)�3�����: �̀ �̂	�:&�1�����:�	�8�Y�������:b9�������������	������	��������������
&�'(�%) ����
���������������������������	��	�������	��������	�:cyoznvruo{srtpnlruk�vxlvppnlvxrvqhpn{on~rvmp:����]]:	��[]:����_.]\�__�:]+[��e.f-�6�	:1�̀��:(�̀�����	:�	�$�#����	:bY�������	��
�����������������������	�
���������	������������������	�:c�vtpnvrtlovruyoznvruo{srmilvp�ooukrvqsrv�z{rmtznp:����']:����]\�_:]+[]�e_f9�����:��̂ ��	:�	�2���-�	����:ba�	�������	�������	��
������������������	���
���������������	�
���������	��������������������	����	�D��:c�vtpnvrtlovruyoznvruo{spmirvlmru�mlpvmpk:����'.:���]_\%[:]+[��e*f(�̀ �����	:1�̀ ��:-�6�	:#�Y�����	:�	���6��	�:b(���	����������������������
���������������	�
�����	�:cyoznvruo{srtpnlrukhnompkklvx�pmivouoxj:����][�:	��.:���[+[*\[+]':]+[��e[+f-�6�	:1�̀ ��:(�̀ �����	:��6��	�:�	�$�#����	:b(���	�������������['1���	�����������������������������
����������������������������	�:csrtpnlrukrvqwpklxv:����//:���/��\/%[:]+[%�e[[f-�6�	:1�̀ ��:(�̀ �����	:��1�8���:��6��	�:�	�$�#����	:bY�������	�
����������(���[+9������������������������������
���������������������������	���	�:cyoznvruo{srtpnlrukhnompkklvx�pmivouoxj:����][%:	��%:���_/'\_'%:]+[%�e[]f)���-������:"�"�:1�-����	�:(���#�����:��a�̂�������:�	�&�8���������:b̀��������!����	���	����	����������������������	������������������	�:csrtpnlrukrvqwpklxv:����'�:���._�\.__:]+[%�e[�f-����:��6��:5���Y�(���	�����:b�	P��	���
��������	���	����	��	�����������	����������������������
���������������������
���������������������������	�:csrtpnlruk�mlpvmprvq�vxlvppnlvx�|:����']_:���[__\[*.:]+[/�e[%f-�6�	:1�̀��:(�̀�����	:��6��	�:��̀��	�:�	�2����:b9������������	������	��������������
�����	�������������������������������	�
������������������������	���	�:csrtpnlruk�mlpvmprvq�vxlvppnlvx�|:����']_:���]�_\]%':]+[/�

[+ (���	����	9�����������	���	�Y	��	����	�



��������	
��������������������
�
��������
����	�������
�
��������

��
��
��
�������
�	�
	������������� �� �
�������
�!������
�"�#$�%���

���
�	�
	���&'(()*)+,-./01.2*03)/4�!�����  �5567%�89�����#��

 �:;;<<<���
����������!��;�;���5��

 :;;<<<�
��=
�������;���7��

 :;;<<<�!����  ����;�;���>��

 :;;<<<����=
������?������;��89�"�@��	����A�B�	�������B���
��������
�����"�B"	������?�CA$�@�&��D3E2,,()/4FE1*G,H/*,3/.*)E/.IJKLMEF)0L E/'0*EL.*)E/./(NEOE*)2F)/PE/F*302*)E/�Q	�	�R�������R��	���89����8��B�$�
���!������
����S�=T�U	�?�S�V�
	W�������C�X	������!���B�  ��?���� ��
=������!<�� ����=�������@=@����
���������&Y,.3�!���ZZ8=ZZZ�  �>5�6>57�89����88�����������B�$�
���!����T�V�������������
�����[�������=\�]="�#$�%� ?�����
��
����� � ��� ������������
�!������
��?���� ��� ��������
���?
����̂	��&'(+./2,F)/_3)OEIE4K�!���89�>�$�
���CS�%��7>5��8 �?��89�>��8Z�U�X���!����T�V�����B�̀a��
���C!���!�"�A���!��!����� �����
�����b���	�
��� ���
��=��������

���
�	�
	�������
�!������
��?�������	��c��?����=
�����?�&D3E2,,()/4FE1*G,dF*E/)./'2.(,LKE1J2),/2,F�!���#7����8�  ��Z�6�Z>�89�>��8%�U�X���!����B�$�
���!�T�V��������C�X	������!���R���
����
	������
���	�����<�
�!����	�ZS ���
� �

���
�
������������?�����
�����&D3E2,,()/4FE1*G,H/F*)*0*)E/E1-,2G./)2.Id/4)/,,3FeD.3*fgfE03/.IE1d/4)h/,,3)/4_3)OEIE4K�!���8Z8������  �%Z6�Z�89�7��8������������B�$�
���!����\�V����i��B������?���� ��
=������!<������������
������������ ���
��
������&D3E2,,()/4FE1*G,dF*E/)./'2.(,LKE1J2),/2,F�!���#7����8�  ��>�6�>5�89�>�

$�!������B�
�����A���������?�����? ��





 

111 

 

 

 

 

 

 

 

 

 

 

Publication V  

R. Rahmani; M. Antonov; L. Kollo; Wear Resistance of (Diamond-Ni)-Ti6Al4V Gradient 
Materials Prepared by Combined Selective Laser Melting and Spark Plasma Sintering 
Techniques, Advances in Tribology (2019) 1-12.  





����������	
������������������������������� !"#$%������&�����"�'�(���)*+��)���,"���-.���&"���/���,(��0'"����,������/��1��23��������1����4&�0���!�����-4���.�3��5�""�6���
7787
9���
	:;<6���7;�;=:>?�@��	A�7	;<B����7
����7CD7CE�	�
��F7=
7���
7=>F�
	�G�	�	��H>6���
77IJKLM>F�	;7
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79
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