








portray moderate maximum height results. Sample E16 produced at the highest
applied laser power shows inferior surface quality in comparison with ES-E11 samples.
The reason behind is rapid solidification and not sufficient relaxation time for the melt
pool, accompanied by insufficient capillary forces for powder fusion, resulting rippling on
the surface and degrading the surface quality.
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Figure 28.Top surface roughness results of samples E1-E18 (standard deviation is less than 10%)
(adapted from Paper V).

Phase composition

Fig. 29 shows the polished top surface XRD patterns for the samples E10 (a) and E4 (b).
The diffractogram of sample E4 reveals the presence of unreacted tetragonal MoSi,, face
centered cubic Al, the substituted face centered cubic Si phases, duplex, in-situ formed
Mos(Al:Sia)/MoAloeSiia phases (resembling Mo(Si1x,Alx)2, x=0.3-0.33 composition) with
hexagonal lattice structure and Si enriched Al rich Alo.gsSio.15 phase.

Figure 29.Surface XRD pattern of the samples E10 (a) and E4 (b) (adapted from Paper IV).

The diffractogram of E10 shows almost complete MoSi; phase transformation to C40
molybdenum aluminosilicide with subtle peaks of unreacted C11b and minor aluminum
lean MoAlo.6Si1.4. It reveals the formation of Alo.gsSio.1s phase and replaced Si. In case of
low applied energy density, the reaction between MoSi> and AlISi10Mg is incomplete,
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which results in unreacted MoSi> and face centered cubic Al phase in the produced
material. In E10, no Al was detected, but Si saturated Al rich Alo.ssSio.1s phase. It is
important to note that under chosen conditions (33.6-168.0 J-mm™ energy density),
the addition of AISi10Mg to the MoSi> demonstrates that C11b tetragonal lattice of MoSiz
widens until hexagonal Mo(Sio.s7Al0.33)2 (x=0.33 mol) structure, and no further C40 lattice
transformation to form Al rich orthorhombic C54 structure is observed. Similar results
have been obtained in Routine 1 (Paper lll), where mixture of Mo, Si and Al alloy were
used as feedstock. It was disclosed, that the increase in scanning speed at fixed laser
power, leads to incomplete single displacement reaction of MoSi; and aluminum, causing
chemical and compositional inhomogeneity. The theoretical density is averaged
considering slightly different compositions of the samples and the certainty level of the
Rietveld refinement method and is calculated to be 4.37 g-cm™. The relative density is
calculated in relation to this number.

Microstructural analysis

The SEM images of polished top and side surfaces of samples E10 and E12 are illustrated
in Fig. 30. The areas highlighted with elliptical orange dashed-lines in Fig. 30 a and c point
the melt pool cores. After laser scanning, different regions of generated melt pools have
different solidification modes, caused by the gradient thermal distribution. The latter
results in the formation of diverse microstructure in the manufactured components.
The variation of local thermal histories between the center and the edge of the melt pool
makes the melt pool visible after polishing. The microstructure of the elliptical melt pool
cores comprises of sub-micron to 1-micron structures (Fig. 30 a). Meantime at the
boundary of each elliptical section, the coarser columnar dendrites are observed in the
perpendicular direction of stacking, as the edges are exposed to longer laser treatment
because of the overlap of adjacent scan tracks. The dendritic growth is caused by the
non-homogeneous nucleation taking place ahead of the liquid-solid interface. Sample
E10 has homogeneous microstructure, while sample E12 printed at high 1000 mm-s*
scan speed shows inhomogeneous morphological texture and underdeveloped
non-continuous melt pools, as the fabrication process was beyond melting zone.
The orange dashed curve in Fig. 30b shows the morphological transition zone of fine
grains of melt pool core and the heat affected overlapped regions.

Fig. 30 e and g show the vertical side fracture of the samples E10 and E12.
The semi-elliptical dashes highlight the melt pool cores in X-Z direction (parallel to build
direction). And the orange dashed curve in Fig. 30f shows the morphological transition
zone, like in case of top surface. In sample E12 it was challenging to find melt pools, as
the procedure was in sintering mode.

When compared the microstructural features of samples produced by routine 1 and
2, and taking step back to Figure 20, it can be noted that samples A2 and E10 possess
almost full densification, but have different morphological textures. Both top surface and
side fracture of sample A2 are composed of columnar dendrites, while for sample E10
the melt pool solidification mode is duplex cellular (cellular dendritic) and columnar
dendritic on the top surface and columnar dendritic on the side fracture. This means,
that the cellular grains on the top surface are the tips of the elongated columnar
dendrites observed in the fracture. Grain coarsening in the periphery of solidified melt
pools was observed in both cases due to the overlapping of the consecutive and adjacent
melt pools. The formation of columnar dendrites all over the sample A2 can be
conditioned by the internal heat released during the exothermic Mo-Si-Al interaction
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combined with external heat from provided by laser beam. Thus, it makes a large thermal
gradient between the border and the center of melt pool, promoting the formation of
dendritic crystals together with the center segregation of Al-Si rich phase.

E10 E12 E10 E12
500 mm-s?! 1000 mm-s! 500 mm-s! 1000 mm-s?!
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fracture

Melt pool core Segregated Al rich phase Precipitates

Figure 30. SEM images of polished top surface of samples E10 (a, b) and E12 (c, d). SEM images of
the side fracture of samples E10 (e, f) and E12 (g, h) (adapted from paper V).

Fig. 31 a and b show the top surface secondary electron and backscattered electron
images of sample E10, respectively.
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Figure 31. Top SE image (a), BSE image (b), corresponding EDS maps (c-f), and side surface SE image
(g), BSE image (h) and respective EDS maps (i-l) of sample E10 (adapted from paper IV).
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Fig. 31 ¢, d, e show the corresponding elemental maps of Mo, Si and Al and mixed EDS
map is shown in Fig. 31 (f). Molybdenum signals are recorded from across the sample
except in the darker regions which corresponds to interdendritic Al rich phase (Fig 31d
bright green regions). Silicon is also observed among all analyzed zone, while the radiant
red sections reveal the existence of replaced free silicon, where no aluminum signal is
registered. Fig. 31 g and h show the SE and BSE images of the polished side fracture of
sample E10. The orange dashed regions (Fig. 31h) represent the melt pool core. The EDS
maps corresponding to Fig. 31 g SEM image reveal the similar elemental composition as
for the top surface of the sample (Fig. 31 i-l). Most of the studied area is composed of
Mo-Si-Al containing phase, which is revealed to be Mo(Si1-x,Alx)2 at x=0.33 mole, while in
the dark regions observed in Fig. 31 g, the absence of Mo and presence of Al rich phase
is revealed (Alo.ssSio.15). The black regions in Al green map and bright red regions in Si map
reveal that there is substituted Si phase, meaning that Al partially replaced Si, being in
agreement with XRD results.

Density and hardness of produced E1-E18 parts

Fig. 32 shows the relative geometric, relative Archimedes density results and Vickers
hardness values at 1 and 5 kg load. For samples E3 and E4 Archimedes density is not
estimated, because of huge open porosity. The increase in scan speed in sets E1-E4,
E5-E8, E9-E12, E13-E15 and E16-E18, results the drop in density values, caused by
insufficient energy applied for powder fusion (Fig. 32).
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Figure 32. Relative geometric, relative Archimedes densities, HV1 and HV5 hardness values for
E1-E18 samples (adapted from Paper V).

In the vertically arranged sample sets of E1-E9, E2-E10, E3-E13, E4-E16 and E15-E7,
where the laser power is ramped up to 50 W (step size), the density values progressively
grow as the applied energy completely melts the deposited powder layers ensuring
adequate bonding between consecutive and adjacent layers. Samples E15, E17 and E18
produced at relatively high 250-300 W laser power and high 1250-1500 mm-s scanning
speeds show inferior densification behavior (Fig. 32).
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To provide the reliable hardness results, the indentations were made at 9.8 N and
49 N force, as the indentation mark after applying 9.8 N force is small and results higher
deviation. Due to relatively high porosity, it was not possible to evaluate the hardness
for samples E1-E4. When a 9.8 N force is applied samples E8 and E18 produced at
50.4 J-mm=3 and 67 J-mm energy density, respectively, yielded to hardness less than
500 HV1, which is caused by heterogeneity of developed microstructure. For the rest of
samples, hardness of up to 594 HV1 (E14) and for sample E7 up to 618 HV1 are measured.
When the applied force is 49 N, hardness in 427-559 HV5 range is observed (Fig. 32).

According to the scheme showing the relationship of process parameters and built
part characteristics (Fig. 33), samples E5, E6, E9, E10 and E13 possess high density,
high hardness, moderate surface roughness, high microstructural and compositional
homogeneity and can be applicable for industrial use.
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Figure 33.Revealed influence of process parameters on Mo(Sii.xAlx),-based part characteristics
fabricated by routine 2.

For the comparison of the molybdenum aluminosilicide based composite preparation
by routine 1 and 2, it can be noted that almost full density samples were produced
following the both approaches. The hardness up to 500 HV1 and HV5 was achieved for
samples prepared by routine 1, while hardness reached up to 600 HV1 and HV5 for the
samples prepared by routine 2. This can be explained by different microstructural
features of the samples.

The primary distinctive feature for routines 1 and 2 is the interaction nature of the
reactants. In case of routine 1, the Mo-Si-Al reaction is comparably exothermic, which
makes challenges to estimate the real influence of the energy supplied by laser beam,
while in case of routine 2 the reaction between MoSiz and aluminum is weak exothermic,
allowing a better control of applied laser energy. For this reason routine 2 appears more
advantageous. However, the complex physics behind the process and the complex
chemistry of the Mo-Si-Al combination reaction make the system quite interesting for
deeper analysis and comparison of experimental results with thermodynamic
calculations, and correspondence with phase diagrams.
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4 Conclusions

The main targets of this work were development and manufacturing of novel
MoSiz-containing powders feedstock suitable for SLS/SLM processing and printing
reliable items using the developed powders. The prepared feedstocks were subjected to
SLM, and the consolidated structures were characterized.

From this study, the following conclusions can be drawn:

1.

The method of self-propagating high-temperature synthesis allows
production of MoSi2/10-13 wt.% Si composite powders feedstock,
possessing fair flowability and high packing density, which is applicable for
SLM processing.

MoSi2/10-13 wt.% Si bulks were successfully manufactured via SLM process
reaching to 90 % relative density, homogeneous microstructure and
hardness of 10.9 GPa.

Cellular ceramic lattices of MoSi2-SisN4 were prepared with the help of
subsequent nitridation of MoSi2/Si structures keeping the original lattice
design and period size. Parametric study of SLM consolidation of
MoSi2-13 wt.% Si powder showed that applying 36-60 W laser power at
fixed 80 mm-s? scanning speed, the dimensions (300-350 pm strut
diameter, 750-850 um pore size) and porosity level (up to 35% apparent
relative density, 65% porosity) of prepared lattices are in close
correspondence with CAD model.

For the first time, the successful consolidation of MoSi-30 wt.%
AlSi1l0Mg and Mo-2Si-30 wt.% AISilOMg powders was conducted by
SLM yielding the preparation of C40 hexagonal Mo(Si1x,Alx)2 (molybdenum
aluminosilicide) based composites.

For SLM of Mo-2Si-30 wt.% AlISilOMg powder, the influence of scanning
speed (300-500 mm-s) was studied at fixed laser power (100 W), layer
thickness (35 um) and hatching space (85 um), showing that under all
chosen parameters, the solubility limit of Al in Mo(Si1-x,Alx)2 was 0.33 mole
regardless the excess amount of AISilOMg in the reactants’ mixture.
Samples consist of fine columnar dendrites and display up to 99% relative
density, ~496 HV1 and 498 HV5 hardness and moderate 8.4-11.1 um side
surface roughness (Sa).

For SLM of MoSi>-30 wt.% AlSilOMg powder mixture, the influence of
scanning speed (400-1500 mm-s') and laser power (100-300 W) was
studied at a fixed layer thickness (35 um) and hatching space (85 um).
It was shown, that samples produced at 150-200 W and 400-500 mm:-s*
scan speed, as well as 250 W laser power and 700 mm-s* scan speed,
possess 6.5-10.3 um top and 10.5-13.2 um side surface roughness,
up to 99.8% relative density, up to 570 HV1 and 540 HV5 hardness
along with remarkable chemical and microstructural homogeneity.
The SEM examination of the cross section revealed that the solidified melt
pools are constructed by well oriented fine columnar dendrites of
Mo(Si1x,Alx)2 x=0.33, while the heat affecting zones surrounding the melt
pools consist of misoriented coarser dendritic structures along with
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Alo.ssSio.1s and substituted Si phases. A low laser power (100 W) and applied

high scan speeds (1000-1500 mm-s) are leading to unreacted MoSi, and
the formation of Al lean Mo(SiixAl)2 x=0.3 mole, disturbing both
microstructural and chemical homogeneity of the printed parts.
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5 Future work

Continuing the research briefly introduced in thesis, further investigations are going to
be performed in future, such as:

Oxidation tests of SLM built Mo(Si,Al)2-based composites at intermediate
(500-700°C) and high temperatures (>1600°C);

Preparation of Mo(SiixAlx)2-based composites with different compositions
(by changing the ratio of initial reactants) via selective laser melting technique;
Parametric study and SLM process optimization of newly developed
Mo(Si1x,Alx)2-based composites;

Preparation of MoSiz-SisNs lattices with new model design for specific
applications.
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Abstract
MoSi>-based composites by selective laser melting

Molybdenum disilicide (MoSiz) is a promising refractory material widely used for high
temperature structural applications ranging from heating elements for combustion
furnaces to turbine components for jet engines. However, some limitations, such as:
severe oxidation of MoSiz in intermediate temperatures and low fracture toughness at
room temperature are narrowing the application of MoSiz. There are two approaches to
improve the quality of MoSi2 based materials: reinforcing MoSi2 with thermodynamically
compatible compounds (WSi2, MosSis, TiC, SiC, SisNgs, etc.), and alloying with metals or
alloys (Nb, Al, Cr, Ti, Ta, W).

In this work SisN4 was chosen as a reinforcing additive and aluminium as an alloying
additive. The addition of SisNas is believed to improve the high thermal shock resistance,
fracture toughness and high temperature creep strength. The addition of Al results on
enhancement of ductility and oxidation resistance of MoSiz-based materials by forming
molybdenum aluminosilicide (Mo(Si1-x,Alx)2).

Self-propagating high-temperature synthesis (SHS) technique was used for MoSiz and
MoSi>-Si powders preparation as energy and time efficient process, allowing the control
of size and shape of synthesized powders and ensuring high purity of the product.
Commercially available (CA) powders (AISi1OMg, Mo, Si) and SHS synthesized products
were used for powder feedstock preparation by conventional mixing/milling techniques.

Selective laser melting (SLM) devices with different maximum laser power (Realizer
SLM50 at 120 Watts and Renishaw AM400 at 400 Watts) were used for samples
manufacturing. High dimensional accuracy, design freedom, ability of in-situ phase
formation (reactive sintering) and single step process are the primary motivating
attributes for SLM technique in the present research.

Goals of the present study are production of MoSi2-SisN4 ceramic lattices; preparation
of Mo(Si1x,Alx)2 based composite bulks by SLM along with parametric study and process
optimization.

For the first time the approach of MoSi.-SisN4 lattice preparation by SLM of SHS
prepared MoSi>-Si composite powders and subsequent nitridation was successfully
accomplished. MoSi>-SisN4 lattices with definite porosity, strut and pore size in close
correspondence with CAD model were successfully fabricated.

For the first time an in-situ SLM processing (reactive sintering) of the Mo(Si1-x,Alx)2-
based composite bulks were performed by two routines. The first routine represents the
SLM consolidation of the mixture of three CA powders: 44.2 wt.% Mo + 25.8 wt.% Si +
30 wt.% AlISi1OMg (Mo+2Si+30 wt.% AlSi10Mg), and the second routine proposes the
SLM consolidation of SHS prepared MoSi> mixed with 30 wt.% commercial AlSil0Mg
powder.

Mo(Si1x,Alx)2-based composite bulks (x=0.33 mol) prepared by the first routine are
composed of fine columnar dendrites and possess up to 99% relative density; 496 HV1
and 498 HV5 hardness and moderate 8.4-11.1 um side surface roughness (Sa) at applied
100 W laser power and 300-500 mm-s scanning speed range.

Mo(Si1x,Alx)2-based composite bulks (x=0.33 mol) prepared by the second routine
consist of cellular and columnar dendrites; possess 6.5-10.3 um top and 10.5-13.2 um
side surface roughness; up to 99.8% relative density; up to 570 HV1 and 540 HV5
hardness along with remarkable chemical and microstructural homogeneity at optimized
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parameters of 150-200 W and 400-500 mm-s™* scan speed, as well as 250 W laser power
and 700 mm-s'tscan speed.

Conclusively, the approach suggested for MoSi>-SizNa4 lattice preparation was found as
an effective way to reach the target phase composition and can be applied for production
of complex shaped parts.

Characterization of Mo(Siix,Alx)2-based composite bulks, produced at optimized
parameters of two different routines, reveals the phase composition, density and surface
roughness to be suitable for applications, where high oxidation resistance at elevated
temperatures is required. The second routine can be proposed as preferable, as it allows
to apply external heat (laser power) in a more controllable manner, considering the weak
exothermic reaction between MoSi2 and aluminium compared to a high exothermicity of
Mo-Si-Al reaction occurring in the first routine.

Keywords: self-propagating high-temperature synthesis, additive manufacturing,
selective laser melting, molybdenum disilicide, molybdenum aluminosilicide, surface
roughness, CT scanning, hardness
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Lihikokkuvote
Selektiivse lasersulatuse teel valmistatud MoSi: baasil
komposiidid

Molibdeendisitsiid (MoSi2) on paljutdotav kdrgtemperatuurne materjal, mida
kasutatakse struktuurse materjalina laialdaselt kérgete temperatuuridega rakendustes,
alates poletusahjude kitteelementidest kuni reaktiivmootorite turbiinikomponentideni.
Tugev okslideerumine juba keskmistel temperatuuridel ning madal purunemissitkus
toatemperatuuril on peamised asjaolud mis kitsendavad MoSiz rakendusi. MoSi2-pOhiste
materjalide kvaliteedi parandamiseks on kaks ldhenemisviisi: MoSi> tugevdamine
termodiinaamiliselt Ghilduvate Uhenditega (WSi2, MosSis, TiC, SiC, SisNa jne) ning
legeerimine metallide vGi metallisulamitega (Nb, Al, Cr, Ti, Ta, W).

Kadesolevas t66s valiti tugevdavaks lisandiks SisNs ning legeerivaks lisandiks
alumiinium. Arvatakse, et SizsN4 lisamine parandab termoldégikindlust, purunemissitkust
ja korgtemperatuurset roomekindlust. Alumiiniumi lisamine tdstab MoSi>-pShiste
materjalide plastseid omadusi ja vahendab kdrgtemperatuurset okslideerumist tdnu
mollibdeenalumiinisilitsiidi (Mo(Si1x,Alx)2) moodustumisele.

MoSiz2 ja MoSi2-Si pulbrite valmistamisel kasutati kdrgtemperatuurse iselevisiinteesi
(SHS) meetodit kui energiat ja valmistusaega sadstvat protsessi, mis vdimaldab
kontrollida slinteesitud pulbriosakeste suurust ja kuju ning tagab toote kdrge puhtuse.
Kaubanduslikult kattesaadavatest pulbritest (AISi10Mg, Mo, Si) ja SHS-i teel siinteesitud
toodetest valmistati pulbrisegud tavaparaste segamis- ning jahvatamistehnikate abil.

Proovide valmistamiseks kasutati erineva maksimaalse laserivdimsusega selektiivse
lasersulatuse (SLM) seadmeid (Realizer SLM50 120 W juures ja Renishaw AM400 400 W
juures). Kérge moodtmete tapsus, kujundusvabadus, in-situ faaside moodustumine
(reaktiivne paagutamine) ja iheastmeline protsess on kaesolevas uurimust66s peamised
motiveerivad tegurid SLM tehnoloogia valimiseks.

Kdesoleva uuringu eesmarkideks on MoSiz>-SisNs keraamiliste vorestruktuuride

tootmine; Mo(Si1xAlx)2 komposiittahkiste valmistamine l1abi SLM protsessi optimeerimise
ning parameetrilise uuringu.
Esmakordselt dnnestus kdesolevas t66s MoSiz-SisNs vdrestruktuuride valmistamine
kasutades SLM meetodit sellele jargneva nitreerimisega, SHS-i teel valmistatud MoSi»-Si
komposiitpulbritest. Edukalt valmistati 3D mudeliga vastavuses olevad kindlaksmé&aratud
poorsuse, varraste ja poorisuurusega MoSi>-SisNs vOrestruktuurid.

Esimest korda valmistati Mo(SiixAlx)2 komponendid protsessi in-situ SLM teel
(reaktiivpaagutamine) labi kahe erineva meetodi. Esimese protseduuri puhul valiti 44.2
massiprotsenti Mo+25.8 massiprotsenti Si + 30 massiprotsenti AlSilOMg segu mis
konsolideeriti SLM teel. Teine meetod kasutab 30 massiproti SHS teel valmistatud MoSi
ning kaubandusliku AlSi10Mg pulbri SLM tehnoloogiaga konsolideerimist.

Esimese protseduuri jargi valmistatud Mo(SiixAlx)2 tahkiste (x=0.33 mol)
mikrostruktuur koosneb peenetest dendriitidest. Komposiitide suhteline tihedus on kuni
99%; kovadus 496 HV1 ja 498 HV5 ning pinnakaredus 8.4-11.1 um (Ra), 100 W
laservdimsuse ja 300-500 mm-s™* skaneerimiskiiruse juures.

Teise meetodi jargi valmistatud Mo(SiixAlx)2 komposiitide (x = 0.33 mol)
mikrostruktuur koosneb vore- ja sammasdendriitidest. Nendepinnakaredus on
pealispinnal 6.5-10.3 um ja kiilgpinnal 10.5-13.2 um; suhteline tihedus kuni 99.8%;
kdvdus kuni 570 HV1 ja 540 HV5 koos markimisvadrse keemilise ja mikrostruktuuri
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homogeensusega. Optimeeritud parameetrid on 150-200 W juures ja 400-500 mm-s™
skaneerimiskiirusel, samuti 250 W laserv8imsuse ja 700 mm-s™ skaneerimisel kiiruse
juures.

Kokkuvotteks leiti, et MoSiz-SisNa vorestruktuuride valmistamiseks pakutud
Iahenemisviis véimaldab saavutada soovitud faasilise koostise ja seda saab rakendada
keerukate detailide tootmiseks.

Kahe erineva meetodiga valmistatud Mo(SiixAlx)2 faasilise koostise, tiheduse ja
pinnakareduse naitajad kinnitavad, et need materjalid sobivad rakendusteks kus on
vajalik korge oksilidatsioonikindlus kdrgendatud temperatuuridel. Eelistatumaks voib
pakkuda teist protseduuri, kuna see vdimaldab rakendada sisendenergiat (laseri
vOimsust) paremini kontrollitaval viisil, arvestades MoSi> ja alumiiniumi madalamat
eksotermilist reaktsiooni, vOrreldes esimese protseduuri puhul toimuva kd&rge
eksotermilisusega Mo-Si-Al reaktsiooni kaigus.

Médrksénad: kérgtemperatuurne iselevisiintees, kihtlisandustehnoloogiad, selektiivne

lasersulatus, moliibdeendisilitsiid, moliibdeenalumiinisilitsiid, pinnakaredus,
kompuutertomograafia, kbvadus
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