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In the category of smamhateria, the magnetic shape memory ali@SMA) Ni-Mn-Ga
has gained traction due to its giatrains of 6-10% when exposed tamagnetic field This
propertymakes the material@tentialcandidatdor smallsized motiorproducing devices
in which conventionaimechanismdail to perform. Additive manufacturing(AM) has
demonstratedovel ways of enigeeringwith its ability to produce higlcomplexity shapes
Laser power bed fusion {EBF) is an AM methodhat bases on layday-layer melting of
powder feedstock using a focused laser bé&eaently, his processasgainedinterest as a
promisingapprach tomanufacturdNi-Mn-GabasedMSMAs. Theoverallresults from this
proces$ave been positive, although theilt material requires considerable amount otpos
processing, for example, by heat treattaehhis thesisaimedto study the propertiesf the
samples fabricated froMli-Mn-Ga alloy by L-PBF. A set of NiMn-Ga sampleswith
slightly differet compositionswere built using L-PBF and subsequentlyheat treated
Severalcharacterizatioethods were utilized to study the migwuctureand the MSM
related properties of the produced samples in bothydisand heatreated, conditions'he
results confirmedvhat was already stated the scientific literature the built samples
exhibited homogeneoushemical compositionamodulated martensitic crigd structures,
and fully reversible martensitic transformationpitgal for the N#iMn-Ga alloys fabricated
by L-PBF. Internal stresses, cgusitional variation, localariations of lattice parameters,
and dsordering were suggested as the reasons eflmity properties in abuilt samples
Heat treatment homogenized and stabilized the crystal structure as well as reduced internal
stressesHeattreated samples possessed kgghlity magnetic properties artiffraction
spectrums; thgrains appeared laggwith longrange order. EDS experiment did not reveal
composition gradients in thmaterial.lt was concluded that-PBF was a reliableard
repeatablenanufacturingnethodfor Ni-Mn-GaMSMAs.
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1 INTRODUCTION

Ni-Mn-Gabasednagnetic shape memory al{MSMAS) producestrainwhen exposed to
a magnetic field. This magnetic fieldduced stren (MFIS) happens whesectiors of
material in the martensitic phase aneoriented to minimize the stress induced bg th
magnetic field(Ullakko et al., 1996) The strain iskept afterward even when the applied
magnetic field is removedhe strain igeversed either when brought into another magnetic
field perpendicular to the initial one, or by mechanical stidsth this characteristic, Ni
Mn-Ga is apromisingmateral for actuating applicatios. Large MFIShas beerobserved
mainly in single crystalsin polycrystals the strain is much lower. The reasonsvaak
texture(having eystalsin different orientations), and thite aligning motiorof small areas
is inhibited by grainboundariegGaitzschet al., 2007) (Pdtschkeet al.,2007) Improving
the crystalline texturand reducingrainboundary restrictiosallow polycrystalline NiMn-
Ga to exhibitMFIS of up to 4% in thermonechanically treated NVIn-Ga alloy(Ullakko

et al.,2001) and 8.7% in polycrystalline NWIn-Ga foamgChmieluset al.,2009)

Producingsingle crystad or polycrystallineNi-Mn-Ga using the conventional methods
expensive and slowhile having potentialisks of elemental variation along the crystal axis
and chemical segregatiofschlagelet al., 2000) Hence, onventional manufacturing
methods of polycrystallindNi-Mn-Ga restricts the design freedom, which hinders the
development of functional devices wh employ the MSMAs. Contrarily, additive
manufacturing (AM) is well known for its ability to build complesreponents at a relatively
low cost, making it a proming approach tprodue polycrystalline NiMn-Ga MSMAs.
Recentdevelopmenof Ni-Mn-Ga buit by AM reveals aiantfully reversibleMFIS of5.8%
(Laitinenet al.,2022) This strain issignificantly larger than the previously reportstitain

of 0.01% whichcould havebeenrestrictedby internaldefects from the fabration process
grain boundary limitatios) and random orientations of crysté3aputo, Matthew Fet al.,
2018)



1.10Objectivesand limitations

This thesis airadto examine th@ropertiesof someMSMA Ni-Mn-Ga samples, which had
beenfabricatedby L-PBF at LUT University.The goal was to provide information about the
samplesd compositions and c dfeatuesapdmagdeticn g ma
properties Half of the specimens would Heeattreated,and their properties shoulae
compared tolte samples prior heat treatmeiihe study focused primarily on the chemical

composition and microstructure

The research queshs were:

- What is the current research stage oiMMi-Ga in general ancegardingproduction
by AM?

- What ae the main elenms and their amount presented in timanufactured
samples?

- How were thalloying elements distributed?

- What are the magnetic propertiestod specimens?

- What are the maidifferencesin betweerthe studied properties atbuilt and he&

treated samples?

1.2 Reseech methods

The thesis contains two principal sections: literature review and experimental part.
literature review concentra®nintroducing the basics ™i-Mn-Ga and LPBF as well as

other AM methods foMSMAs. Theinformation is gaheredrom previous studies published

in scientific articles and textbooks, provides necessary knowledge and supports the analyses
of the experimnts. The references are sugtgs by the supervisors, also from the
uni ver si tyo0s trdstedodatabasgs. Tdhea rdliabdity of ehe sources is taken into

consideration.

The experimentsmay be conducted in no specific order due to the differermween
surface quality andrpparation requirements for each methaottl the possibility of a sate

getting damaged in any procedure should be considered when designing the experiments.
Outputs of measurements are then collected and processed. Compaalsulations may

beemployel to analye the results and come to conclusions.
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2 MAGNETIC SHAPE ME MORY ALLOYS AND NI -MN-GA

MSMAs belong to a group of smart materi al
material could gain intelligence, but ratlexthibits changes in their pregies in response
to external stimulation. Smart materials can lilezat in some application to provide active
feedback and increase its functionalities as well as capabilities, which cannot be achieved if
made from normainaterials. There are four cgtwies of responses to external stimuli for
smart materials:
- Actuata materials: produce strain upon applied stimuli.
- Energy conversion materials: convert external stimuli to another form of energy,
such as a voltage, madiuefield or alter their temperature.
- Optical materials: change their optical properties or egtit kvhen stimulated.
- Statechanging materials: shift their physical characteristics as a resgjbasgigen
et al.,2020)

Shape memory alloys (SMAs) @MSMAs produce strain or motion in response to changes

in temperature and magnetic field, respesdfivThe motion is mdky created by the material

itself without other additional components as in a traditional mechanical system, making it
a potential rplacement in future application, where the number of components and friction
are critical. These allys are also capablef avorking in micro scale, such as in
microelectromechanical systems, where conventional systems are not feasible or struggle to
operat. SMAs and MSMAs are being actively investigated and developed, certain

realizations have been aelied in term of propées and production.

2.1History of NFMn-Ga

Among MSMAs, NiMn-Ga is the most investigated alloy, which is a composition of three
elemeants Nickel, Manganese and Galliukari Ullakko and colleagues observdetfirst
MFIS (0.2%) in anNi-MnGasamplein 1996 alongthe[001] planewhile it was placed in a
magnetic field of 8 kOe a8 C (Ullakko et al., 1996) 0.2% strain is the percemfaof
deformation to initial lengthFigurel demonstratethe strain measurement, in whichasd

g werethe strain inducedly the magnetic fieldvhen itwasperpendicular and parallel to

[001], respectivelyThestrain difference wasalculated as~e g,° 0.2203.
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measurement results at the temperature of 283Kneasurement resukis 265K (Ullakko
et al.,1996)

Since then, the straining effect, or magnetic shape memory (MSa&} éfis gained certain
interest and attention, especially in-Mnh-Ga alloys. Studies and research have been
conducted to optimize its crystal structureatthieve maximum strain. Larg@FIS of 6%

has been observed in 10M rtemsitic structure of pure MIn-Ga(Murrayet al.,2000) and

9.5% in 14M martensitic structurgSozinov et al., 2002) These strains outdo values
produced by other materials in treame class by approximately a hundred times, for
example, up to 0.23 strain in TerfeneD (Engdahl, 2000)Actuator application has shown

no significant fatigue after 26A(° cycles while providing a high efficiency of @5(ratio

of mechanical output tapplied magnetic field energg)ellinenet al.,2002) From a MRS

of 0.2% at8 C in the beginning, 9.5% has been reached at ambient temperature, suggesting

a better possibility to integrate the material to normal gyste

2.2 Crystal structure of NMn-Ga
Ni-Mn-Ga is a Heusler magnetic intermetallic compound with apamition in the form of

X2YZ corresponding to fulHeusler,where elementX and Y represent transition metals
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andelementZ is in thegroups 13 to 18f the periodic tableln liquid state stoichiometric

(having exact element proportiond)MnGa presers in adisorderedcubicB2 6 st ruct
(Overholser, Wuttig and Neumann, 1998)hen cooling to room temperatureundergoes

phase transition totaghly ordered cubic L2structurglausteniteffigure 2 (Websteret al.,

1984) The httice constant ba unit cell in this phase iapproximatey 5.82 A all three
parameters a, b, and ¢ are equal due to cubic faioms of Galgreer) locateat the corners

of the cell and the center of each faatms of Mn(pink) situate athe center of the cell as

well as each edgeélhis arrangement divides the cell into eight-sebs, of which centers

are Ni atomsdrangg.

C
R
a
Figure 2. Facecentered cubic structure of NMin-Ga in austenitic phase, greeiGa, pink
i Mn, orange Ni.

With further cooling, the structure transforms to martensite phasethe cubic cell
structureds symmetry decr e a@Vebsterdt gl.,1684)ange s
Martensitic phase ighere the MSM effect is observed and tlthes focus tahis mateial.
Chemical composition heavily influences t
and crystal structure. Slightly off stoichiometric element proportion leads to martensitic
transformation happening at13 C to 177 C, induding ambieh temperatte which is
desirable for potential applications to operétasil'ev et al., 1999) Ni-Mn-Ga with

different compositions in martensitic phaskeave been observed in three general crystal
structuregPonset al.,2000)(Aaltio et al.,2016) Theyarenonmodulated martensiteNM,
five-layered modulated martensit®&M (or 10M), and sevestayered modulated martensite

- 7M (or 14M). Their crystallographicstructureparametersire ofteninterpretedaccording
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to the coordinate symm of the austenitic @ise.All martensitic structures were studied by
(Martynov, 1995Yyegarding crystal arrangement, lattice parameters and modulatiotrtype
(Martynov and Kokorin, 1992the crystal structuresveredepicted a repetition of atomic
positions In this thess work,the modulation structure is viewed as repeated arrangement of
tightly packed planedfive-layered modulated martensit® denoted as 10Mnd seven
layered modulated martensitedenoted as 14MPonset al., 2000) Figure 3 shows the

crystal systems for three martensitic structuxg.Ni-Mn-Ga has a tetragonal cell structure

without modulation and & b, ¢>a.10M structure is monoclinicwith&b , ¢ 90,a, 9
and 14Mstruetr e i s ort horhombic with a > b > c,
c
(o C
a\ a a
a b b

Figure 3. Crystal systems. From left to right: tetragonal, monoclinic, orthorhongblayer
Daniel,2007)

Upon heating, NMn-Ga 6 s phase t r afnors hastensitsto austenitedts aell s e ,
structure converts to c ubpgechargessotechicatly, thih e n
alloy is also a thermiyl activatedshape memory alloyHowever, this effect is nohefocus

of the thesighus not disassedurther.

2.3Magnetic shape memory effect and twinning

MSM effect works based on thenagnetically mduced reorientation (MIRjnechanism
which rearranges crystal lattices by moving twin boundaries (TB#kko et al., 1996)
(Likhachev and Ullakko, 2000)The MSM material is made up of small patchegh
different structure and magnetcientation represented in gray and purple areas in figure
4. Crystal twinning is the situation when two separate crystals,dcalim variants, share
some atomand appear highly symmetrical around those atdimsboundary betwedghem

is TB. Individud atoms can move distancewhich is smaller than thegpacebetween atoms
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in the crystal structuraVhen a magnetic fieldH is introduced,one twin with preferred
orientationgrowsto match the field directigroppresses the other twin and causes TB to
mowve. This TB motionchange the overall shape of the specimé&ihen the sample is
saturated with the magnetic fiell| preferablyoriented twins align with the dicéon of the
magnetic fieldthe force exerted on TBs is maximizael maximum strain is reaed(Saren

et al.,2016)

S~ IR — / -—

Figure 4. Schematic presentation of MIR mechanigirellinenet al.,2002)

The insets in figure 4 illusite one unit cell of the twin variants. The left one has the shorter
sidecpar al | el to the speci mends el-axsplacedi ng
perpendicularlyc-axis is the easy side to align with matigretion direction as shown with

the purple variantThe maximum straire that could be theoretically obtaindcbm a

martensitic crystal structuis calculated as:
@

o P

- P
In whichc and a are the e | ldttidexonstraintan martensitic structur€Soderberget al.,
2005) For a NiMn-Ga alloy to exhibit MFIS, there are two main requirements. First, at
operating temperature, thenaterial must be in maensitic structureand exhibit
microstructural twins(Ullakko et al., 1996) (Strakaet al., 2011) Second, t he
magnetic anisotropynustbe greaterthan the energy necessary to move the (TBlakko,

1996)
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2.4 Applications
MSMAs are beneficiain applications which traditional machinery woudd impossible to
service

- Micro-pump deliveringmicrolterof medi ci ne: this takes
size adaptabilityand the ability to operate without electricitpr the conventional
motor unt (Boise State Micrd>ump Aids Neurological Resear@14)

- Actuator whicht akes advant ag goteatial totwork witthBMA 6 s
frequency(rise time less than 0.2 mdjiven by magnetic field while experiencing
low fatigue (no considerable changaen after 2001(° cycles) A relatively large
force can be generated from this actuator as Wedllinenet al.,2002)

- Strain sensor, which employs ttmagnetizatiorstrain ratio of NiMn-Ga.Reversible
strains can be induced in the material whileisitag minimal stress, making a
potential mechanism for sensing applicati(®tepharet al., 2011) (Hobzaet al.,

2018)

- Energy harvester, which converts strain to voltage to power a smallSoadsaet
al., 2004)(Karamaret al.,2007)

- Vibration energyharvesterusing vibration toproducea small amount of electrical

energy(Sarenret al.,2015)
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3 LASER POWDER BED FUSION

Additive manufacturing (AM) is a manufacturing method in which an object is created from
the base upward by adding lagef material, as opposed to other subtractive or formative
processes in which material is removed or deformed to create a part. Befdiedayering
principle, AM is commercially known as thre@mensional (3D) printing. AM provides
tremendous advargas in prototyping and customization, as it can deal with models of high
complexity and containing interlocking components while produdess waste and
decreasing costs. AM has grown rapidly since its first concept and is now a powerful tool in
different industries. A wide range of materials is compatible with this manufacturing
method, from plastics to metals, concrete, or wbasled comosites. The resolution scope

is also broad, making AM suitable for many application sizes, for example, machine
comporents or building houses. Due to these strengths, AM is certainly an essential part of
developing smart materials and their applicatidnsaddition to the three dimensions of
printing environment, smart materials have their own transitional dimension when

stimulated, thus AM of this material group is sometimes referred as 4D printing.

Power bed fusioffPBF)is an AM process in which matal powders are spread on a bed
and selective regions are fused by a focused energy shasmr. powder bed fusiofh-

PBF) also known as selective laser meltinglize high-power laser as the energy source.
In this chapter, tPBF is discussed in reghto the production of metal parts; other powder

materials are not focused

3.1Workflow and working principle

An AM workflow generally consists of three steps, described in figure 5. First, the 3D model
of the toebeprinted part is constructed in a compeagted design (CAD) program. Then,

the model is sliced into layers with optimum thickness. Support structures forangerh
details are generated if certain angle is exceeded (figure 6). Finally, the AM system fabricates
the part layer by layer accordingttee layer specification in step 2. The built object can be
further processed to achieve final shape by cleaning shoad, for example, to remove

support elements or to get precise dimensions.
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CAD SLICE SOFTWARE 3D PRINTER

Cew

Figure 5. Three main steps omaAM workflow (3D Printing: The Internal Process and
Development2019)

Overhangs Overhangs

YHT- 1

Bridge

Figure 6. Schematic illustrations of overhangs and support structures in(8pports in
3D Printing: A technology overview.

Figure7 presents the main components of-BBF system, in which a laser beam is used as
the themal energy source to fuse the powder material. Both the powder supply base and the
build platform are adjustable in vertical direction, the same direction which the object is built
along. The build chamber is shielded with a constant flow of an inefauggm or nitrogen)

to prevent the oxidation of meltedetal material and aid its vaporization. Raw powder is
stored in the new powder stock cavity on the left. For each layer, the build platform moves
downward a distance which is the same as layer theskrad the supply cavity raises to
provide powder. This amount of powder builds up in front of the coater, which then moves
toward the build chamber and spread the new powder evenly on the top of the build chamber.
Laser is then focused onto this layedatans the cross section determined by the slicing

program. The powder in the scanned track is fused together as well as merged to the previous



18

layer. Here one layer is completed. The process repeats for the next layers, fabricating the

component from thbottom up.

Laser
e ——
Coater | Powder Powder helted Build
supply bed part chamber
Supports
Base plate
Build platform

Figure 7. Main components of a PBF systébaser Beam Powder Bed FusioAMPOWER
Report.2019)

When finished, the part is completely buried in the powdbts after beingemoved from
the powder bedt needs ¢ becleaned off excess powder. The remaining powder, which is

unaffected by | aserds heat, is reusable af

3.2Microstructure characteristics and defects

Columnar grains are long and thin #ilce structuresWhen melted material is deposited on
the previous layer which gets partly melted ag#ne grain grows along the direction of
cooling and solidificatiorfThijs et al.,2013) In alayerby-layer AM process, heat from the
melt pool ismainly transferred to the layers underneath and thethéobuild platform
(Robertset al.,2009) This vertical heat transfer makes parts manufacturedPBIE exhibit

a texture ofcolumnar grain structureoughly along the build directionFigure 8

demonstrates thelumnarstructure in Inconel alloy 718 built by-PBF.
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Scanning
laser beam

Alternating
layer structure
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direction

Columnar (200)
grains
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=
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precipitates
(002)’ JJ(200

Figure 8. Columnar grain structure in Inconel 718 alloy manufactured by selective laser
melting (Amatoet al.,2012)

Defects are often generated in components manuéattwy L-PBF from various sources
present in the fabricating setupey affect the shape and propertiethefresultDue to the
typical working principle of EPBF, residual stress is formed in the bpatt by large thermal
gradientunder directed tharal sourceand frequent thermal expansion and contradtiom
repeated heating and coolifigercelis and Kruth, 2006)Expansion and contractiaf the
melt poolrestricted by the solidified layers tonwhich they are depositedre another
contributionto residual stres@/ranckenet al.,2014) Residual stresses lead to structural
problems in the finished parsuch as cracking and delaminatigempenet al., 2014)
Part 6s oV e alsolbé desatead fpom originah design when experiencaduas
stresseqLi, Liu and Guo, 2016)Presence of oxygen in the build chamber causes oxidation
of melted metals forming regions of oxide which inddegéectand porosity(Louvis, Fox

and Sutcliffe, 2011)
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3.3Main processing parameters

Figure 9 lists the processing parameters iAPBF according to groupsProcessing
parameters plagignificantroles inmanipulatingoroperties of fabricated partdndesirable
defects are minimized by optimizing one or severalades.Lower scanning speed and
preheated build platform decrease cracKfBgnawanet al.,2021) Residual stress can be
decreased by employirfpeckerboard scannirstyle orhomogenized by applying a rotating
scanning pattern(Kruth et al., 2012) (Vranckenet al., 2014) Laser scanning speed
influences the porosity of the built part, which igserse to the a r densit/(Qiu, Adkins
and Attallah, 2013)Furthermoreparameters such as laser powrd laseexposure time
affect the heat digsationandgrain growth(Vecchiatoet al.,2020)

Laser power

—— Wave length

—i Laser-related | Spot size
Pulse duration
Scanning speed

—{ Scan-related I Scanning spacing
Scanning pattern
Particle size and

[ | distribution

Particle shape

—‘ Powder-related l Powder bed density]
Layer thickness
Material properties

] Powder bed

temperature

T Jated Powder feeder
emperature-relate temperature

Temperature
uniformity

Figure 9. Categorized process parameters ¢?RF (Aboulkhairet al.,2014)

In addition, characteristics of initial powdeave important effect on the manufacturability
Spherical particles are beneficial for the powdereading by reoaterbetween layers.
Spherical shape makes flowability better while 1spherical shape impedes the flow by
mechanical locking between particles and high fricthorange of particle gesis preferred

over homogeneous morphology, the gaps between large particles can be filled with smaller
one, creating a denser packed and even powder Byenly distributed powder layer is

favorable for uniform heat conduction.
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4 ADDITIVE MANUFACTURIN G OF MAGNETIC SHAPE MEMORY ALLOYS

AM is categorized into seven methods, of which four have been used for metal based SMAs
and MSMAs. The processes and their definitions, according to the standafINSFS
ISO/ASTM 52900:2017, are:
- Binder jetting: An AM pocess in which specific regions of powder material are
glued together by liquid bonding agent.
- Directed energy deposition: An AM process in which a high thermal energy source,
such as plasma arc or electron beam is used to fuse material as it is sioslyan
fed into the melting pool, similar to arc welding.
- Material extrusion: An AM process in which molten material is deposited onto the
substrates through a nozzle, similar to piping a cake.
- Powder bed fusion (PBF): An AM process in which material posvelez spread on
a bed and selective regions are fusedalipcused energy sourcehis process is

described irdetailin the previous chapter.

Conventionally, monocrystalline Min-Ga is grown by crystal growth techniques such as
Bridgmarn Stockbarger or @ochralski. These techniques are tiommsuming and
inefficient. Hence, polycrystalline NMn-Ga rose in popularity because it is technologically
easier to fabricatéAdditive manufacturing alternatives have attracted interest for building
the polycrystalglue tobeing costeffective while enabling high geometrical freedom. 3D
ink-printing (material extrusion with additional binder) and binder jetting methods have
proved feasibility to fabricate éisealloys (Taylor, Shah and Dunand, 201(Rjostafaeiet

al., 2017) Additionally, directed energy deposition has shown potential in fusinQaNi
Mn-Sn, a magnetocaloric materi@tevenset al.,2016) L-PBF was a possible approach,
although literature regarding this process has been limited. Since 2C48pdagkr bed
fusion (L-PBF) has been investigated at LUT University for possibility of printing
polycrystalline NtMn-Ga.

4.1 Latest results in AM of NMn-Ga
Ni-Mn-Ga has beemanufacturedusing binder jetting metho@Caputo, Matthew and

Solomon, 2017)Pore desity and distribution are reduced as sintering time increases.
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Elemental proportions appear to vary in different sintering time setlingsves that the
chemical composition and porosity can be controlled by the prpegameters. Howevge
sinteringregimescause Mn to evaporate and oxidation to the elements. Additioitaly,
difficult to consistently remove the binder from the bpdirt. These challenges deviate the
overall composition as well as microstructure of tegerial. A reversible MFIS of merely
0.01% was observed in sintered NMIn-Ga, it is insignificant compared tihe recently
achieved strain ih-PBFmanufacturd Ni-Mn-Ga, but anyhowaddressed thebstacls with
AM anddemonstrated that AM is a viable techniq@aputoet al.,2018)(Laitinenet al.,
2022)

Another notable AM process fbli-Mn-Ga manufacture is 3D ink printingD ink printing

was done in the material extrusion system, with the different of extruded métlenaéntal
powderswere mixedwith binder into a slurry ink form; then after building, the binder was
burned off, ad elanents were diffused and homogenizédicro-trusses have been
fabricated using 3fprinting of liquid ink containing three elemental powders and binder
(Taylor, Shah and Dunand, 2013)milar to binder jetting, it is possible to control porosity

in the ceated samples. Large grain growth was realized after sintering for 12 hours, and

first-order phase transformation happened betw&e@ and 90C.

By eliminating the use obinder and reducing effects ofemarkedcorstraints novel
investigaton in manufacture by {PBF has demonstrated a gidutly reversibleMFIS of
5.8% in 10M polycrystalline NiMn-Ga at room temperaturéLaitinen et al., 2022)
Evaporationof Mn was precisely manipulated by process parametdriging the build
process which in turn affead the chemical composition amdicrostructureof the built
material Mn loss was alsoonsideredvhen preparing the praloyed powderThesampls
were built in thin wallike shape taninimize residual stressddeat treatmernitnproved the
compositional homogeneity and furtieweredresidual stresse# large singlegrain of
sizesin millimeters wasseparated fromthe samplewhich denonstrated a MFIS of 5.8%,
comparable with strain achieved imonocrystalline 10M Ni-Mn-Ga grown by a
conventional techniqu@Murray et al.,2000) Without grain boundarrestriction, the TBs
could move freely and subsequenglyhibit a large strainThe outcomevaspromisingfor
futuredevelopment of functional NVin-Ga-based MSM devices manufactdriey AM.
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4.2 Material challenges

MFIS in Ni-Mn-Ga MSMAsis heaviy dependent on the chemical composition and crystal
structure(Lanskaet al.,2004) (Jinet al.,2002) (Overholser, Wuttig and Neumann, 1999)
Loss of Mnis expected in HPBF procesbecause Mn has low boiling temperature and high
vapor pressure, malgnit evaporate more easily than the other two elem&fnsoss has
been observed in earlier processes, which afectedby process parametefkaitinen,
Salminen and Ullakko, 2019} aitinen et al., 2019) Testingof initial compositionand
calculatons of processing parameters are needed to take Mn losses into aCoadation
and potential contamination in the build specald generate defects into the built part, thus

should k& minimized.
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5 METROLOGY

Toexaming he s ampl e s &al peasuereentimetigods,have been atijiadach
are:

- X-ray fluorescence (XRF)

- Low-field magneticsusceptibility(LFMS)

- X-ray diffraction (XRD)

- Scanning electron microscopy (SEM)

- Energydispersive spectroscopy (EDS)

I n this c¢hapt erking pren@pte land osade lare explanediwadefly. Material
properties which were studied include chemical composition and distribution,

crystallograpic information, phase transformation and micro images of twin boundaries.

5.1Particle charactezation

Partcle charactemat i on i s the determination of a |
including circle equivalent (CE) diameter, circularity, elongatiand both volume and
number particle size distributiond. threedimensional sample is placed on a micayse

cell in the XY plane and scanned to a tdimensional digital image in a static image
analysis technique. The digiid image is then processeyl algorithms, which are capable
ofrecognei ng t housands of parti cl e snéterpaeecrusefulet er
for calculating different size and shape

shape characteristics.

A p ar two-dinhersiprsal (2Dperimeter is used to integrate its area, then convert to an
equivalent circle of the sae area. CE diameter is defined as the diameter of the converted
circle figure 10. It is practicalthat the particle is represented by a single CE value in further

processes such as counting and cateigaoyi
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3D particle Capturedasa2D Converted to a Diameter of
image circle of same area circle measured

Figure 10. Definition of a CE diamet (Luke and Silva, January 1, 2013)

Whena sample containg statistically significant quantitygnsof thousands) of particles,
statistical methods are applied to evaluate the particée disaribution. Statistics of the
distribution arerepresented by derived diametenDn], in which m is the number of
distribution and n stands for a certain percentile. The standard percentiles reaa from
charactezation softwareare D[v, 0.1], D[v, ®], and D[v, 0.9]. The percentile value 0.1
refersto a percentage of 10%, meaning that 10% of the observations in the distribution fall
below the corresponding diameter. The similar explanations to 0.5 and 0.9 percentiles.
Particle size distribution is aulated based on either number basis or volumes Hashe
former, each particleds contribution iIs ¢
size. This method presents particle size information with higher resolution, especially with
finer particles. Volume basis, on the other hand, weigils t he i ndi vi dual 6s
meaning that the larger a particle is, the more it contributes to the statistics. HFgure
illustrates the difference of the distribution graph between number badgdlumebased
considerationlt could be obsengthat thenumberbasedlistribution demonstrates all sizes

equally while thevolume-basedlistribution is biased toward larger particle sizes.

Percent
Percent

Panicle Size. . - - Particle Size

Figure 11. Difference of numbebaseddistribution(A) and volumebaseddistribution(B)
statisticgLuke and Silva, January 1, 2013)
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Circularity shows how close a particleds
the equivalent <circl e 6esbsp epreiCinceldmstvaludsangt h e a
from O to 1, with 1 as perfectly spherical and 0 as rough shape. Elongation measures how
long a particle is in comparison with its width. It ranges from O to 1, with a sphere having a
value of 0 while a slender shalpas value closer to 1.

5.2 X-ray fluoregence

Fluorescent (or secondary)rdys are emittediuring ionizationby a materialwhen it is
bombarded with higlenergyshortwavelengthX-rays or gamma ray§&igure 12 describes

the emission of fluorescentpay from an atom. Incoming-kaysor gamma rgs carryhigh
energy,expedne |l ectron | ocated in the atTohred sati onnmée:
electronic structure becomes unstabkeanother electron in outer shell fihto the inner

shell and fils the left holeBecause the lower orbitals have lower energy than higher ones,
when falling, the electron releases a photdmch carriesasn ener gy equal t
gapThi s emitted radiat i on sticseapd by solleatings the he a

mat eri al 6s ¢ hemi c alzedevithtighgpeegistom.on can be ane

Low energy Ejected
electron o inner shell
electron

\ 7
High energy electron \S,[
AT )7

Outer elecfron o/ >

promoted \3__/ 4

X-ray, -
generated

Figure 12. X-ray generation(LIoyd-Jones Graham, 2016)

Figure B presents the main components of amna)¥ tube, where the -Xays are produced
for anX-ray fluorescence spectrometarhigh-speed electron beam is ejected from the high
temperature filament within a vacuum and travels toward the positive anode. A h¢avy me
target, usually tungsten, is mounted in the middle of the anode. When breitiglst the
electron beam, it emits anray beam, which is then directed to the specimen.
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Figure 13. Main componentsf an X-ray tube (X-Ray Generatd017)

Before reaching the detector, the radiation spectrum is impimywad integrated analytical
crystal(figure 14). The crystal diffracts emitted-kKays following Bragg model of diffraction
(equation?2), facilitating differentiation of tb rays which improves the accuracy of the

spectrumbs peak.

Sample £
plc 4 X-ray source

o

Analytical %
crystal

Figure 14. XRF spectrometer's simplified structyiasrazadani and Hassani,2016)

Brags equati on
€ _ C¢Q i Qec—
In which:
- n: order ofdiffraction

- | :wavelength of the Xay source
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- d: distancebetweenplanesin the crystal, withsubscripts h, k, tepresenting their
orientationaccording to Miller indices.

- @ ahalf of theangleformedbetweertheinciderce beamandthediffraction beam

Planespacing d and diffraction angtgvary among different crystal materials, allowing
detection and measurement of all materials at any concentrakiog, contained elements

in the material, evennes with low concentrations, can be quantified with high accuracy.
After diffraction, the rag are collected at the detector for further process. A wavelength
dispersive spectrometer handlesthe Xy s 6 wa v el e n g ttdhaealya cedainc a n |

element s emi ssion of i nterest .

At LUT Universityd BlaterialPhysicsLaboratory, an Oxford Ingtments XStrata 960 XRF
spectrometewith a 300mm collimatorwas utilized to determine the composition of both
initial powder and abuilt sampleslt provides & accuracy of +0.3 atomic%Before each
measurement session, aMn-Ga referenc@iecewith determinedccomposition was used

to calibrate the device.

5.3 Low-field magnetic asceptibility
In LFMS experiment, a sample is heated up with controlled temperatdréts phasés
recorded in an Hnouse developed system. The values could be plotted and the phase

transformation as well as Curie temperature could be observed from the plot.

5.4 X-ray diffraction

X-ray diffractometer is aobustandflexible deviceto study materials. It analyzes different
properties of the material, suchgsysical properties, chemicadntentsor crystallographic
information(crystal orientations, defects, etdr) this thesis workan xray diffractometer

was used mainly tmlentify phasegpresented in each sample.

A system of periodically arranged atoms form a crystiathe center of an atom is acleus

which is surrounded by &oud of electronsDue to elatic scattering, Wenan atom ishot

by anX-ray, it emis another Xray carryingthe samesnergy only the direction is different

A crystalds arranged atom pattern makes i

electromagnetic radiation of a wavelength comparable to the distance betweemdticins
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makes Xray agood fit to observe this small spacirgistinct planes of atos can be
observed due t o t hé&igueibademoidstrafesthel coosbctionsgat t e
two planes, whose distance isAd.a certainangleq, thereflectedX-rays fromthoseplanes

form constructive interferengestrongly amplify ther ayisnét ensi ty and fu
equation(equation2). The atomic structure of a crystal can be calculatedetgcting the

emitted Xray and measuring the idence angle with the original wavelengtime intensity

of the diffracted Xrays is measured, as well as the incident angle, to determine the atomic

structure of a crystal.

Figure 15. ConstructivanterferencgRipoll Martin Martinez, .)

FromtheBrag¢ s equation, a crystal can be studi
variables and fixing the rest. In this thesid, jandd are given whilg varies. The examined

crystal is fixed on the stage and targdbgdamonachromatic xray. The focus remains at

one spot while the beam rotates oOAicedainpl| an e
g value which satisfies equation 1, scattering can be observed, visually by a spike in
intensity. After the spectrum is recded at preset q angles, combining withphase

calculations, Miller indices h, k, | can be assigned to peaks.

Figure 16 describes the main components ofXamay diffractometerAt LUT6 snaterial
physics laboratyr, a PANalytical Empyrean 3 multipurpose diffractometer is put to work
with poly-capillary optics, a Cu tubgenerating €.15406nm X-ray anda PIXcel3D
Medipix3 detector. The studied crystal is mounted on adifbraction single crystal Sb10
zero bacground holder.The generators supplied witha 40kV voltageand a 3émA
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current 29 angle varies from 20° to 100°. Each sample was scanned twice: the first test run
with 2 seconds per step to confirm that the measurement happens as expected, anskthe prec
run with much longer time per step (120 seconds) to meeimioise in the collected

spectrum.

______
————
- -~

X-ray s X-ray
source N detector

e |26

~

-

S~ -
-

Figure 16. Schematic construction of an-rdy diffractometel('X-Ray diffractometer and
its various component parts forRay studies', 2016)

5.5 Scanning electron microscopy

Electron microscopy magnifies sample by aiilg an electron beam. The beam travels
across the samplebébs surface then creates a
advantages including high magueditioni 500000 times and a resolving powerdmfwn to

1nm because the electron has much shorter wavelengtloftivésible light photons.The
microscope can also be equipped with various attachment for analytical imaging or detecting

chemical compositian

The electron beam is generated by applyingigh voltage (up to 300kV) to heat up a
filament, which is usuallymadeof tungstendue to its high melting poinElectrons are

emitted from the filament when the thermal energy exceeds the work functitre of
material.Magnetic lenses are then used to form the electrons into aliefamit is guided

to the ample surfaceTheelectrons are negatively chargatticanbuildupont he s ampl e
surface affeeéhg the scanningresults, so the sample must bendoctive or grounded
properly. Air moleculescan deflect electronso theexperiment musbe setin vacuum.

Unlike visiblelight microscopy SEM imagesregraysale
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Figure17 illustrates the components of atyg a | SEM setup and the
The condenser lenses focus the electron beam to afgio¢ on nanomets on t he san
surface. The beam scans the surface in a raster by using scanning coils to deflect the beam.

Both the diameter of thiecus spot and the scanning rate @atrolled by a computer and

adjustable

Electron gun

4

Electron beam

Magnetic lens

Scanning coils

\/\“

Energy-dispersive detector

Backscattered
electron detector

Secondary electron detector
Sample

ft JZ]DQ

Vacuum pump

Figure 17. Components in SENHouck, 2013)

Figurel18 presents the interactiomolumeof an electron beamith an object, which rages

from 100nm deepto micrometers and results in different phenomena.
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Electron beam

— Secondary electrons

Backscattered
electrons

Secondary fluorescence

Figure 18. The interactiordepthof anelectron beamvith a specimenand corresponding
phenomengHouck, 2013)

Secondaryeledron (SE) detectorand backscattered electrdiBE) detector (inFigure 17)
collect the correspondingelectrons Thesedataare processed te@construct the examined
surface In SEimaging modethe primary electron(PE) in the electron beahits the atom
and knocksamother electronout by inelastic scatteringfigure 19, the expelled electron
cariies a relatively low energyA perfectly even surface would be cagtd as unifomly
grey because all thescapedatlectrons have the same atiwever defectson the surface
increase thencidence anglef the electron beam arige interaction volumbecomes larger
more electrons can be reached by PE and thus moeeeS€&xpelledThe shade of grey
depends on the electron saturatittre more collected SE, the brighter the area is, making
the processetinageappear 3D0.5nm resolutionis possible to achiev®E on the other
hand,is the samePE which deflecé aroundthe nucleus delto elastic scatteringrhese
electrons havligher energyhan of secondary electrariBackscattered electroaseused
tomapoutthe e gi ons 6 cdenfichl eampositiors becauseeach element scatters
electronsuniquely. light elenents show up n dark shadesand heavyelements appear

brighter.
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Figure 19. Emissions of SE and BSHue to inelastic scattering and elastic scattering
respectively(Houck, 2013)

5.6 Energydispersive spectroscopy

Spectroscopy measures andastigates the speatmwhich is formed when a material emits

or interacts with electromagnetic radiatiofhe concerned spectrum is of characteristic
(secondary) Xrays, which isfrom the deepest interaction volume when measuxwith

electron bean(figure 18) or XRF (chapteb.2). EDS is often equipped in a SHRure 17

or XRF system because of these two excitation methealsEDS can be carried out
simultaneously in the same experimehhe characteristic Xay 6 s ener gy spe
separated by EDS and then the system software determines the abundance of specific

elements based on that energy spectrum.

EDS can be used to identify roughly the chemid@racterdation; the detectig ability
dependslargelyons ur f ac e 6 s itcio usuhlly tnotfavered sinohighly accurate
elemental composition measurements, but other methods would keduslich as<RF.

EDS6 abilities also include mapping el eme

this thesis togther with SEMn a Hitachi SU3500 scanning electron microscope.
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6 SAMPLE PREPARATION

A predetermined powder of NWMin-Ga with specific compostin was prepared andne
samples werghen manufatured by LPBF by the second supervisoAfter that, the
chemical compositions were measured by XRF and three samples were selected for further
studies. Each of these wast into two parts, one went throhigheat treatment and one
remained as built. Their surfaces weteanedand the rest of measurement methods
performed: LFMS, XRD, SEM, EDS.

6.1Ni-Mn-Ga pwder

Three elements in power form were blended to a nominal compositionsafMko. Gavo.6
in an argon gas atomation processMn was expected to evaporate during’BF process
So its proportion in thpre-alloy powder was higher thaxpectedThenominalcomposition
of the powdemwas calculated as an average of 15 XRF measurements atndiffieots The
powder was then mechanically sieved to select particles of diametem8® smaller.
202107 partiles wereanalyzed in a Malvern Panalytical Morphologi Ga8tomated optical
particle analyer. Figure 20 presentsthe plotted results, in whichCE diameter inthe

horizontal axis is scaled in logarithmic order.

Volume transformation: CE Diameter (um) smoothed over 11 paints
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Figure 20. Particlesize distributionbased orvolume calculationof the initial NFMn-Ga
powder(© Laitinen Ville, 2020)
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The diameter value of the lowest decil®js, 0.1] = 13.67mm, of the median i®[v, 0.5]

= 32.8nm, andof the highest decile B[v, 0.9] = 69.5 nm. Varying particle diameters was
desired as it would improve fill rate during layer coating, resulting in more even thickness.
Volumeweighted circularity and elongatiodistribution medians are 0.94 and 0.13
regectively, suggesting highly spheriaalorphology. This is also supported visually by
SEM image of thgpowder (figure 21); the majorityappears round, and only a minority

possesses irregulahapes.

Figure 21. SEM image of the anated powder batcf© Laitinen Ville, 2020)

To remove possible excessive moisture, the powders were dried at approximateily 80

3 hours Moisture on the powder particle could contribute to the generatigasopores.

6.2 Manufacturing process

Although unfused powder is reusable, the dimensions of the build chamber in the existing
PBF system at LUT University requires substantial volume igairfill powder which is
impractical for NiMn-Ga. Prealloy Ni-Mn-Ga powder is expensive and difficult to prepare,
only a small amount is acquired for these experiments. ThusPBH.system has been
developed irhouse to facilitate the manufacturinghifMn-Ga samplesfigure 22. It uses

approximately 25 g of fill powder instead of 10 kg in the normal system.
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The laser beam is produced by an IPG Y208-SM-WC laser, whose core is ytterbium fiber

and operates with continuous wave and single mode. The laser has a wavelengbnof 10

and a power of 200 W. The laser beam was measured at focal point with a Primes
MicroSpotMonitor, its power forms a ne@aussian distribution (figui2?2). The beam focal
pointoés di amet enm,i st haep plreoaxmbrsa t Red yyltreSkiggrh | e n
parameter product is 0.53 mmrad. SCAPS SAMLight scanner software with Ddtion

were utilized to control the laser and the SCANLAB intelliISCAN 10 galvanometer scan head

(a) at the same time.

50 100 150 200
x (um)

B

Figure 22. The L-PBF sy$em without the reoater used to manufacture the samples. (a)
galvanometer scan headd focusing optics, (b) guide to adjust the focal point alemgs
(perpendicular to the build platform), (c) argon supply, (d) build platform and a pure Ni build
basemounted to its slot, and (e) step motor to adjust the position of the substiatezin t
direction. The inserted graph @dtoen2021)he | ¢

The build platform (d) was mounted onto a step motor (e), which couldernetely
controlled with high precision and directly affected the distributed polagter thickness.
The top of the build platform had a slot, into which substrate pieces were fixed as the base
for building. Bases were removable and made from differeatenals for various
experiment designs; maximum dimensions for substrate piecesA&eran for diameter
and 10 mm for thickness. To ensure the same powder layer thickness is repeated from patch
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to patch, the serautomated reoater blade (not presentedfigure22) was mechanically
calibrated before the powder is heated. The build cheamas formed by Bnm plexiglass
rolled into aA 120 mm tube bolted to the focusing optics (a). Hghity argon shield gas

was pumped into the chamber through the tubat(a)flow rate of 3l/min.

A batch of samples was manufactured with thegbi@yed powder composition ithe in
housebuilt testbed systenkigure 23 demonstrates the built patch. All samples were built

on a base made of Ni substrates of diameter 45Masubstrates of high purity (>99.5%)

were selected taeduce thgossibility ofelemental contamination to the-Nin-Ga samples,

and to make surihe base and the samples elnemicaly compatilde. Previously, stainless

steel substrate wased for costeason, but EDS inspection of the substsatmple interface
reveaed that the substrate had been melted and compositionally mixed into the deposited
samplegLaitinenet al.,2019) Nine samples of the size 5x5x5 mmere arranged ia 3x3
position with5 mm gap between them in each direction to prevent thermal ititgraciring

the building processS'he samples are oriented at an angle ofrd® | at i vel y t o t
x-y hatch directions. These placements were selected to allow¢bater blade toperate
smoot hl y al on gdiredctiore asprellaasldéceasethé gsk of the recoater
colliding with the built cuboids.

¥
hatch directions
X

Figure 23. Samples' built dimensions.

Three parameter sets wert@oserbased orpreviouslyoptimized processe$laitinenet al.,
2019) Each set waapplied to a column of three cuboids (1, 2, and 3 in fig@yethe values

are listed in table IThe volume energy density (VED) is calculated as:
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Tablel. L-PBF process parameters used for each sroples.

Parameter Colum 1 2 3
Laser power P (W) 200 200 200
Scanning speed v (mm/s) 1000 750 500
Hatch distance hngn) 100 100 100
Powder layer thickness i) 60 60 60
VED (J/mn?) 33.3 | 444 | 66.7

The samples werscannedn the substrates at ambient temperatuamiatmosphere of pure

inert argonto minimize oxidktion. The substrates were nuieheated The laser beam was
utlizzd for both hatching and contouring pro
surface during the printing procedur&sgure 24 presents the scanning strategies for the
samples.The cuboids were hatched by a bidirectional scanning method, theirgcann
direction rotates 60from one layer to the next. Tlatched regions, in square shape, were
enclosed by a single continuous contour scan, which overlaps roughly 90% of the inner
hatchesBoth hatching and contouring employ the same set of parampeaies! for the

samples.

Figure 24. Schematic scanning strategies for the samples, viewed from the top. Orange line
represents hatching and blue line represents contowiadified, (Biffi et al., September
11, 2019)



39

6.3 Surfae finishing

The asbuilt surfaces were rough and porous, which negatively affect results of
measurements taken on them. Cleaning and polishing were applied to ensure accurate
evaluation. All nine samples remain on the base for the first round of surfesterfg This
roundconsi sts of grinding all/l samplesd top s

for XRF composition determination.

Figure 25 demonstrates the polishing procedure. SiC foil was attach#tketturn table,
abrasivesidefacing up.The fol rotates wih speeds up to 500 rpm, adjusted from the control
panel. Its face was constantly wettadl The workpiece, held downward, was lightly pressed
on the abrasive while it rotatés), the workpiecesvas moved in circular motion around
itself (b) so that thepolishing grooves from SiC grains would not systematically akgils

of different grain sizes were used in incr
250 rpm (middle) to 500 rpmm@ximum).The workpiece was ground with each adive

foil continuously for 30 seconds to 1 minute, then dried completely from water using a
naplesscloth before moving on to the next folit the end of the SiC polishing sequence,
the turntable was stopgeand the workpiece was gently circulated a fiemes to renove
visible scratchesThelastSiC foil was then removed, and diamond paste was spread onto

the turntable. The workpiece was ground starting from the middle of the pad at very low

rotational spedandthen speed is slowly increased

(@)

(b)

(©

Figure 25. Surface polishing proceds) water source, (b) workpiece in fagewn position
and rotated around its center axis, (c) SiC abrasive foil, rotates around its centathaxis w
adjustable speed.
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Finally, the ground suaice was cleaned with ethanol, blowed, rinsedwith water, ad

blow-dried again. Figure@presents the polished surfade=e from observable scratches.

Figure 26. The samples ith their top surfaces polished.

All samples wee ready for the first XRF measuremeB&ised on the compositional results,
three samples were selected from total nine for further investigalibagesults would be
discussed irdetail in the result chapt. All pieceswere detachedfrom the base by a
Princeton Scientific Corporation WSZghiprecision wire saw, which introduced minimum
strain into the crystal structures compared to other cutting methods. These three samples
were then electropolishad anitric acid and ethanol mixture with4ratio. The polishing

setup is presented infige Z. A600rpmv or t ex was form in the |
surface while it was being polished in the pddie mixture was constantly cooled at €0

by ethawl supply.The sample is clamped to the positjied) cable and the negative (black)
clamp was attached to the liquid. Voltage was applied in the range of 0.5 to 1.&ifeemd

was in the 0.6 to 0.8 A rangéach sample was dipped for approximatelys@fonds, rinsed

with water and dried on a napkiimen repeated one more timdé the end, the samples were

cleaned with acetone to remove possible contaminants from the surfaces.
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(b)

(€)

Figure 27. Electropolishing setuga) sample and positive clamp, (b) water, ®tane, (d)
damping napkin and other waiting samples, delishing mixture containerf) negative
clamp (g) coolant pipes.

XRD and LFMS measurements were performed on these thirelbsamplesEach ample
was subsequently sawed in two halves iy samehigh-precision wire sawBigger half

went on tathe heattreatmenprocessand the other one stayad built

Eachsamplegoing through SEM and EDS measuremends &also cleaned with C{ce
spray B0 C) to remove dirt and contaminants on the surfaod subsequently blown with

dry airto warm up the sampbnd to prevent water condetisa on thecold sample surface.

6.4 Heattreatment

Threehalves intended for heat treatment, now called samplesgheeteopolished one more
round before being placed on a higlrity alumina holder in the shape of a boat. A small
piece of titanium waplaced into the same boat, acting as an oxygpter.Figure B shows

the heat treatment system, which was developdtbuse.The boat with the samples and
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titanium oxygergetter was laid in the middkeibe of the furnace (d) and the furnace was
closed ightly. It was possible to observe the boat through awmacwindow at the other end

of the tube on the outsid€he pessure in the furnadabewas depletedntil high pressure

was obtainedising a Pfeiffer vacuum HiCube 80 Eco turbopump (b), which bedton at

0.2 kPa and a Pfeiffer vacuum MVP 036 diaphrgm pump. The pressure could be
monitored by the Oerlikon Léld Vacuum PTR 90 N vacuum meter (digh-purity argon

(a) was pumped into the chamlagrd maintained at 3Paat ambient temperaturehich

helped to minimrge Mn evaporation when the temperatuaisedin vacuum This argon
pressure was selected wiglkpectation oft he gas6 t her mal expans

increased pressure during heat treatment.

p- (a)

|
. a\

+

Figure 28. Heat treatment systerfa) highpurity argon supply, (b) vacuum turbopump, (c)
vacuum meter, (d) furnace, (e) cooldidw meter, (f) sample observation window.
(Laitinen, 2021)

The parameters for the heat treatment process are presented in table 2.
Table2. Heat treatment parameters.

Parameter (unit) Value
Heating ratdrom ambient tempetare to homogenization 250
temperature C/h)

Homogenzation temperaturg C) 1080
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Homogenzation time(h) 24

Cooling ratefrom homogeization temperature to ordering 100
temperaturé C/h)

Ordering temperaturgC) 800
Orderingtime (h) 4

Cooling latefrom ordering temperature to ambient temperatul Furnace cooling
( C/n)

The solidus temperature (at whichnaaterial is completely did) and the transition
temperature of L2- B26ordering for the materi al co
estimded based on ready literatuf®chlagelet al., 2000) (Aaltio et al.,2009)as 1110C

and 765C, respectively. These values were ukedet the important temperatungesed in

the heat treatment process. Initially, fiieceswere homogered at high T temperatures

in corresponding durations. After that, the temperature was lowered to facilidaieng
transition, and then finally céed to ambient temperature by furnace cooliitge boat came

out of the furnace with the titanium oxyggetter shinyjndicating that the heat treatment

had gone well and there was no noticeable oxida@uick chek by XRF(three points for

each sample}o confirm the compositions correspondence to markings revealed that

significant amount oMn evaporabn did not @cur.
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7 RESULTS AND DISCUSSION

The samplesvent through the measurements in the following order:
- XRF of nine asbuilt sampés on the base after first round of sgd polishing.
- XRD of three selected dmuilt samples after first round of electropolisti
- LFMS of three selected dmiilt samples after first round of electropolishing.
- LFMS of three selected hetreated samples.
- SEM and EDS of three selected heatated samples.
- SEM and EDS of three selectedlaslt samples.
- XRD of three selected hetreated samples.

The results would be presented in pairs of the saggsurement type for-&siilt and heat
treated samplesGrinding, electropolishing or gas cleag was repeated as much as

necessary before each measurement.

7.1XRF

All nine asbuilt samples on the base were placed into the Oxford InstrumefisaXa 960
XRF spectrometer aftespectrum calibration. 5x5 grid measurement path was -pre
programmed for edn sample. Tiug each sample would have 25 values for the calculations

of averageand stadard deviation valueg&igure29 demonstrates how the paths were setup.

Figure 29. XRF measurement paths.



45

The weight percentages dfree elements Ni, Mn, Ga were recorded for each location and

they were converted to atoompercentages by formula 3 (for Ni, Mn and Ga could be done

by using their corresponding atomic masses). The atomic masses for Ni, Ma, 386834,

54.938, 69.723aspectively.

The
table 3.

L&V Q

V@ wo T

w0 Q

average

0@UL QU @&V ¢

o @ onP T T

V@ wotuv®dBoyY o8O

and

standard

Table3. Atomic compositins of nine abuilt samples.

Composition

Sample| Ni (at.%) Mn (at.%) Ga(at.%)

Al 49.81 °0.20] 29.23 °0.24| 20.96 °0.08
A2 50.21 °0.18] 28.81 °0.20{ 20.97 °0.06
A3 50.45 °0.31] 28.64 °0.31] 20.91 °0.08
Bl 49.94 °0.21] 29.11 °0.24, 20.95 °0.07
B2 50.30 °0.24| 28.74 °0.25 20.97 °0.05
B3 50.44 °0.21] 28.64 °0.24] 20.92 °0.06
C1l 49.78 °0.17| 29.41 °0.24, 20.81 °0.10
C2 50.28 °0.25] 28.84 °0.29| 20.88 °0.07
C3 50.44 °0.25] 28.61 °0.24| 20.95 °0.07

It could be seen thdlhe standarddeviations argenerallywithin the 0.3% aagracy of the
XRF instrument, meaning that the samples were fighinogenous, arttie elements were
distributed evenlyPorosity or cracking influence the quality of the measune@se locally,

which may occasionally resutlt small errors in the obtained readin§amples Al, A2, B3

deviation of

eac|

had the most minimal deviatioasdrepresented thraekfferent processing parameters (table

1) so they were selected flrther investigations. These three samples and their composition

were in bold format in tablet® highlight the selectiarmhe distribution of Ni on the surfaces

of the selected samplésplotted in figureB0. Sample name and atonpercentagef each

el ement wer e

menti oned i

n

each

pl ot 6s

tiotl
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Atomic %Ni surface plotting of sample A1 Atomic %Ni surface plotting of sample A2

49.81% Ni 50.21% Ni
29.23% Mn 28.81% Mn
20.96% Ga 20.97% Ga
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Atomic %Ni surface plotting of sample B3
50.45% Ni
28.64% Mn
20.91% Ga

51.2
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50.6
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50.4 o

50.2

50 ~

Figure 30. At.%Ni surface plotting of chosen samples Al, A2, B3.

For simplicity, from her@n, sample names are changed to S1, S2, S3 respectively, with AB
and HT suffixes standgfor asbuilt and heatreated.

7.2LFMS

The phase transformation during heating of the selected samples,-bailt asd after heat
treatmem was recorded from theAMS experiment and plotte@uring heating, théirst-

order structural transformatiorfrom martensite to cubic and thseecondorder phase
transformation from ferromagnetic to paramagnetic were observed, and the reversed was
followed during coolingFigure31 shows the transformations ofhsilt samples with Curie
temperatures illustrated apaque red regiondagnetization values a been normalized

with arbitrary unit (a.u.).
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Figure 31. Magnetizationplotted against temperaturchange for abuilt samples. Red
region in each subplobughlyindicatesCurietempeature

All three asbuilt samples had similanagnetization curyeand their secondrder phase
trandormation extended across approximately €5 though starting fromdifferent
temperatures between T™and 80C. The tran®rmationwas recorded for botte heating
and coolng processed.he transition reversaturing cooling downand magnetizatiohad
slightly lower magnitude and shifted to the left. Thagnetic prperties of these samples
were poor, thdirst-orderstructural transformatiowas not pesibleto identify dwe to the
first half of the slope being too gentle and bro@de data also contain noticeable noises
caused by possible internal strégsm the L-PBF processlack of longrange order, and
small size of sample. These issues are wedwn and have been @e@ssed in published
article(Laitinenet al.,2019)
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Phase transition upon temperature change oftheated samples is shown in figla2

Sample 1 heat treated Sample 2 heat treated

Te . 4\ Te

lMagnetization {a.u.)
lMagnetization {a.u.)

35 45 55 65 75 85 95 105 115 35 45 55 65 75 85 95 105 115
Temperature ("C) Temperature ("C)

Sample 3 heat treated

Heating
——Cooling

Magnetization {a.u.)

35 45 55 65 75 85 95 105 115
Temperature ("C)

Figure 32. Magnetization plotted against temperature changédattreated samplefed
line represents heating up and blue line represents cooling toeach subplot, red region
roughly indicates Curie temperatulle. Txx is temperature point, in which M means
martensite, A means austenite, S means starf; anelans finish.

It could be seen clearly that the Curie temperatures have becomenaruaWer, and the
slope appeared steepeanging only within 5C to 6 C. The stding point of the second
order phase transformatiowas higher, at around 95. The firstorder structural
transformation could be observed for these samples. The transition from austenite to
martensite upon cooling happened & fower in revese of theransition from martensite

to austenite upon heatinghese readings possessed lessentihan of the abuilt samples.
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The minor di fference among the sampl esbod
parameters, which produce composition§ varied elements. The utilized LFMS
measuremenbnly provided qualitative results so thehaseshift cannot be evaluated
quantitively, and th&ransformations odisbuilt andheattreatedvariants othesame sample

could not be plotted together for tbemparisorof magnetizationmagnitude.

7.3XRD

The selected samples, before and after heat tregtmeme examined in the -Kay
diffractometer under the same settpambient temperatuescribed in chaptés.4. The
reflected intensities between 28nd 100 2q range were recorded and plotted in figia®

The asbuilt and heatreated versions of easample were plotted on the same base line to
demonstrate the differencediffractionintensity, especially at the peaks, where heat treated
versionexpress noticedyp higher intensitywhile being narrower2q angles were identified

for themain peaksand used in calculations to determine the lattice parameters a, b, and c.
The indexes of the peaks were marked according to the parent austéragéd coordinate
sydgem. Unlabeled peaks were modulated superstructures which appeared after the heat
treament processlhe calculation template was provided, in which lattice parameters were

modified until resulting peaks matched with acquired peaks frold g&tterns.
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XRD pattems
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Figure 33. X-ray diffracion spectrum®f three selected samplessbuilt and heat treated.
Gray vertical lines represent identified peaks and their corresponding indexes. Peaks without
markings are results afiodulatedsuperstructre.

S1AB and S1HTexhibited crystal structure of 10M martensitgth their highest itensity

peaks at approximately 44.50ther visible 10M peaks of S1IHT were near,42.5 and

80, at which S1ABG6s 1dddbumes82ABand®BAB 1 dter setew
were 14M martensite, demonstrated by peaks neaadd close to 67 S2HT had mainly

10M structure, with a possible mix of NM at small quantity, whose lattice parameters were

not possible to estimatdts notable pealalso located near 44.%nd other intermediate
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intensities peaked at 62.and 80. Lastly, S3HT was a combitian of 10M and 14M

martensite structures, with more peaks than others though lessvatensi

The peaks in the diffractograms a$built samples were broad and theitensities were
oddly low. It was difficult to identify correctiangle correspondintp each peak for the
lattice parameter calculation. Thesbaracteristics suggested that variations of lattice
parameters appeardally in the asuilt samples becausé variedcomposition and internal
stresses arose from theABF procesglLaitinenet al.,2019) The X-ray diffraction quality

of heattreated samples kamproved significantly, the peaks had Higintensities and
appeared narrow, from whicly2ngleswere easily identified. Tdimprovement in quality
came from increased grain size tod/aingle crystal and longange order after the heat
treatment proces3.he observable difference in the spectrums dfuik andheattreated
samples could be contrited by the homogenization and stabilization of chemical
composition during heat treatmie process, which eliminated some additional lattice
parameters presented locally in thebadt samples.Oxides were not detected the
diffraction spectrums, suggesy that oxygen did not present wighsignificant measure in
the samplesTable 4 sumrarizes thdattice parametersf the samples

Table4. Summarizednartensitdattice parameters of dmiilt and heatreated samples in
the XRDmeasurements.

Parameter
a b c o) | oh
cla ase
A A A @)
Samp
S1AB 5.95 5.95 559| 90.33 0.94| 10M
S1HT 5.95 5.95 558| 90.33 0.94| 10M
S2AB 6.07 5.88 557 90.55 0.92| 14M
S2HT 5.98 5.95 558| 90.33 0.93| 10M
S3AB 6.09 5.88 556| 90.55 0.91| 14M
5.97 5.94 557 90.33 0.93| 10M
S3HT
6.11 5.85 557 90.55 0.91| 14M

All lattice parameters were showith accuracy of approximately +0.01A and +0.@1the
austeniteunit cell coordinate systemNonexperimental(constant)v al u e s of

employed, with 90.33usedfor 10M structure and®55 for 14M structureThesevalues

o]
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have been dentified as typical for these crystal structur@is approach facilitated
simplification of the XRD analysit.attice parameters varied from sample to sample, due to
different processing parameters resulting in various chemical compusigxamined in

XRF experiment.

7.4SEM

Three asouilt sample 6 and -t heetetieatampl esd microstr
SEM. All SEM images of six samples at different magnifications atached in the
appendiceverall, themicroscopic images dhe surfaces are typical for lNMn-Ga alloys
fabricated by -PBF.Few captures were selected to discuss in this ch&jpgerre34 shows

the backscattered el e qérpgedicularitonie ¢gpeld ptatforra® 1 A B 6
200x magnificationSome paration ofscannedracks was observed and marked with red

dash linesDuring the electropolishing process, electrons have hit the edges of these cracks
and pores, making them appear notablgdain SEM imaged.arge cracks dominate the
asbui | t captungoblurtade sandn thisview, some otthem runalong the boundaries

of the lasermeltedtracks In general, NiMn-Ga alloys are brittle anthus susceptible to

crack under internal streswhich built up by large thermal gradierduring the -PBF
processlue to sample sizer other material removal procedures such as cutting as grinding.
Considerably thinner build, with thickness of merely 0.8mm, has reduced internal stress and

subsequeht demonstrated no cragkaitinenet al.,2022)
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LUT 10.0kV x200 BSE-COMP

Figure 34. SEM image of S1AB at 200x magnification, showing boundaries of deposited
hatches (red dash lines) along the build directibew orientation is noted as xz pkyhe
coordinationsystemremains the same as described earli

Figure & enlarges a section of the same view on S1AB, at 800x magnificititne middle

of the figure is a grain with martensitic twin variants in the form of sandwiched light and
dak colored stripes.The twins presented with different sizeslan different orientations
across grainsSmallergrains can be seen at the border of the scanned trhdeslike
dendrites did not appear in these pools even though they are usual coxstaggtructure

in solidifying materialsinstead, the graingrew incolumrarform during coolingdue to the

typical thermal gradient induced by thePBF process
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LUT 10.0kV x800 BSE-COMP

Figure 35. SEM image of S1AB at 800x magnification, of the sattmarked with green
boundary in previous figure.

After heattreatment, the grains became largewell as twinsand cracks were eliminated.
Grain growth wasshown b be dependent orhomogenization temperature and applied
duration(Laitinen et al., 2021) Figure ¥ presents the surface of SIHT sample, at 200x

magnification.Some nanoscale twins were even noticed within a twin (figtxe 3

LUT 5.00kV x200 BSE-COMP |

Figure 36. SEM image of S1IHT at 200x magnification. No prominent crack was observed.
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LUT 5.00kV x1.

Figure 37. SEM image of S2HT at D®x magnification. Thin twins can be seen within
larger twins.

7.5EDS

During the SEM imaging sessions, EDS measurements were carried out for the same
captured area€DS images of Ni, Mn, and Gasttibutions on the sample surfaces are
attached in the appeices.Figure38 shows theelemental distributionsn the same ares

sample S1ABas in figure34. Even though the SEM image presented multiple grains and
large suface defects, the main eleme&ii, Mn, and Ga spreadoderatelyeven except for

the deep ack at the lower right corne@ map indicates thaatge black spots seem to be
MnO originated from the {PBF manufacturingA small patch ofSi wasregisteredyhich
remained on the surfacéter the polishing procedur&imilar observations were reatid

for other samples.
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SiK o M| 40

100 pm

Figure 38. EDS images of the same area on S1AB captured in fRfure

The samples we overall homogrous although some variationtlre concentration of each
element is visible across the sample surfaces in all EDS images. Some of the variation may
relate to the inaccuracy of the measurement, differences in local quality of the prepared

surface (pores,ades, dirt), or small composithal gradients in the built material.
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8 CONCLUSIONS

The purpose of the thesis was to research the propertiedvrfi{iasamplesnanufactured

by L-PBF by severatharacterizatiomethodsNine samples were built with three sets of
processing parameterRF results sbwed that all nine fabricated samples were highly
homogeneous, all three elemental proportions deviated withi#0tBeat% accuracy of the
spectrometerOne sample of each processing parameter group was selected for further

measurements.

Half of each cbsen one was homogenized by heat treatment and investigated by the same
procedures as for dmiilt samples.LFMS diagrams presented thasbuilt samples
possessed poor magnetic properties. TGanie temperatuswerebroad spanning acres

15 in the range of 73 to 95 Martensitei austenite transformation was not possible to
recognize for aduilt pieces. Heatreated samples hdte typicalphase transformations:

the firstorder transformation could be identifibdtweer0 and65 , and the secondrder

transformation was narrower, in tepanof approximately 6.

XRD spectrums of six samples demonstradétraction quality improvementafter heat
treatmentlt was implied that there existed local variations of lattiaeameters irthe as

built sanples due to internal stresses and varied compositions. They were reduced by
homogenization during heat treatmdtssible intensity peaks wenelexedfor all sampls,

all heattreated peaks were notably more intense anddtgtian theicounterpartsLattice
parameters were estimated based on peak locatmahthe values were typical for-Nin-

Ga alloys manufactured by-RPBF.

SEM images revealedxpected microstructures with feprominent cracks on duilt
surfaces, with could be ontributed by edctropolishing. After heat treatmerdrains
became considerably larger while fewer crasksurred Micro- and nanoscale twawere
observed on the SEM imageSDS imagespresentedmoderatelyeven distribution of
elementsandno substantibfluctuation in compositiolefore and after heat treatmevds

observed
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The calculation results are typical firese NiMn-Ga alloysand plotted diagrams are as
expecté based on previous examination of similarly bpiécesby (Laitinen, 2021)Heat
treatment haseen demonstratetb substantially improve the graiguality, magnetic
properties and reduce internal stres$ég results obtained in this thesis weodafirm that

L-PBF is a reliabland repeatablprocess to manufacture MNMn-Gabasedoolycrystalline
MSMAs.
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