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Outline @Empa

A Materials aspectsrelated to AM 0 some basics
A Development of an ODS-TiAl alloy for AM
A Microstructure formation during rapid solidification
A Microstructure of AM processed ODS-TiAl
A Development of bronze/ diamond composites for AM
A SLM processing of bronze/diamond composites
A Rapid solidification of Cu-Sn-Ti alloys

A Summary and outlook
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A Materials aspectsrelated to AM 0 some basics

A
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Materials of interest for AM (in CH) ®Empa

A In Switzerland, there is a specific need for AM of the following
materials

-~

A Advanced high-temperature alloys (&6hardening Ni-based alloys, Co-
based alloys, TiAl) for power generation and aerospaceapplications

A Tool steels, HSS metal-superabrasivescomposites for advanced shape
forming tools (grinding, cutting, milling etc.)

A Preciousmetal alloys (Au-, Pd-, Pt-based) for jewelry and watches

i Useful information on the processability of those materials is very
limited or not existing!
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What are the problems with AM processing? ®E

scientific input

alloy modification

Additive

manufacturing

A typical problems in AM with non-suitable alloys:
A hot cracking
A strong segregation of specific elements alloy chemistry dependent
A thermal cracking of brittle phasesdue to high stresses
A ex situstudies on rapid solidified alloys
A characterization of microstructure, phase analysis
and segregation tendency
A influence of alloying elements on behavior under AM conditions
A screening of potential / already available/ new alloys
A

in situ studies to follow solidification and transformation
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A look into the AM process conditions @Empa

Thermal penetration depth

laser beam\ o c\/ O“‘
beam scanning -
, Q Q
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0]

beam hits the powder
molten zone

hot region

.'. 777777777777777 ” $d — 40_60 IJm Example
Dsteel e 4 lem
Jiaser = 0.1 mm

Veean = 1000 mm/s

A Itherm =40 I-lm

A A small material volume is rapidly heated and cooled with large thermal gradients
(cT @ae3- 100K/s)
A The molten material solidifies very rapidly!
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Thermal history during AM ®Empa
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A Charactisticsof AM processing

A Fastheating and cooling (cT a X R/s)
A suppressed phase transformations;

thermal profile of a single layer
supersaturated phases AM processed Ti-6Al-4V
A segregation
A thermal residual stresses 2500
A Unidirectional heat flow into building [
plate/substrate T
: : : : < | (5]
A textured grains; anisotropic properties g | |
= 1500 ||
A Everylayer undergoes repeated E H—— e it Tttt
heating and cooling cycles E ool | '. || ". \ ﬁll|u-¢.
temperatures can exceed Ty, or T; 4 a Lo \ I.
| K ". 'l" I'. i
A Multiple phase transformations, w0 | ! \ \
complex microstructures with unwanted \[ \ \
properties
1 2 3 4 & & T

Time Index

/W.E. Frazier, J. Mater. End?erform. 23 (2014) 1917/
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Solid-liquid interface: slow vs. rapid cooling @®Empa

d Technology
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Non-equilibrium phase transformations

Gibbs free energy

Temperature

T=T,

.
T,

Concentration

A equilibrium phase diagram
A common tangent construction Y energy minimization by formation of two phases
A equilibrium composition of the formed phasesat T,

A diffusion-less phase transformations

A ideally no diffusion

all phaseshave the same composition

A T gives the composition at which G,=Gg

>
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a phase Btransforms to A if G,<Gg
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Alloy development for AM 0 Empaapproach ®tmpa

A Ultimate test: AM using an optimized alloy
A AM equipment
A new alloy according to specifications processability=f(process, powder, alloy)

A suitable powder shape

A Intermediate test: Alloy behavior during rapid melting and cooling using the

AM equipment
A equipment for rapid heating and cooling (=AM equipment)

~

A new alloy in solid form -
f «processability»=f(process, alloy)
A no powder needed

A Firstlevel test: Alloy behavior at high cooling rates
A rapid cooling equipment (I Adduipment)

~

A new alloy
A no powder needed

«processability»=f(alloy)
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A

A Development of an ODS-TiAl alloy for AM
A Microstructure formation during rapid solidification

A Microstructure of AM processed ODS-TiAl

>
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Alloy development for AM 0 TiAl @Empa

A Ti-Al alloys of interest for high temperature structural components
A low density (~3.9-4.2 g/cm?3)

high Y o u nrgoddus (~140 GP3g, high strength, creep resistant

higher oxidation resistancethan Ti alloys

higher service T than Ti alloys

A Rully intermetallic

A low elongation to fracture, brittle at room temperature

A sensitive to contamination, properties strongly dependent on phase morphology
A Extremelydifficult to processby AM

> >» >

>
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The system TI-Al @Empa
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AM of a T+45AIl-3Nb alloy inspire % @Empa

Materials Science and Technolagy

UNIVERSITY 0 F

LIVERPOOL

Sintering (SPS)

Kenel, C.et al., 2016, inpreparation
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Rapid solidification d basic offline tests @Empa

Materials Science and Technolagy
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A heating and rapid solidification of small samples using W-electrode arc melting
or laser beam melting
A  sizedependent cooling rates
A spherical samples, the smaller the faster
A cooling rate ~r-2
A function correlating radius and cooling rate
A single «material» parameter to describe the complete curve
A simulation verification by high speed camera measurement

A comparable solidus propagation in experiment and simulation

/Kenel C, Leinenbach C. Alloys Compd 2015;637:242/
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Comparison measurement - simulation @ Empa
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Influence of cooling rate on microstructure  ®Empa
formation

Materials Science and Technolagy
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Kenel C, Leinenbach C. Alloys Compd 2015;637:242.
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Influence of cooling rate on microstructure  ®tmpa
formation
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A composition d cooling rate d microstructure maps

A properties relevant to processing (here: formation of intermetallic phases
A data for alloy selection
A similar to processing window determination experiments indications for suitable

processing parameters
A predictability based on equilibrium phase diagram information : limited
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Construction of phase selection hierarchy @Empa
maps

equilibrium non-equilibrium
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A T, temperatures for different phase transformations and solidification
A calculated using CALPHAD

A based on published thermodynamic assessmentfor Ti-Al [VT Witusiewicz et al. JAlloys Compd
2008;465:64]

A map constituents
A T, temperature curvesfor specific phase transformations
A fields with a hierarchy according to the Gi b fre@ snergy

A «phase diagram without diffusion » /C. Kenel, CLJAlloys Compd 2015;637:242/
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Construction of phase selection hierarchy @Empa
maps

equilibrium non-equilibrium
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A T, temperature curvesfor specific phase transformations
A fields with a hierarchy according to the Gi b fre@ snergy
A «phase diagram without diffusion » /C. Kenel, CLJAlloys Compd 2015;637:242/
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PAUL SCHERRER INSTITUT

Validation - In situ microXRDtests 1H) @Empa

Materials Science and Technolagy

PILATUS detector

Laser1 I ,!. / Laser2

Cu support

05mm

1

p>

Laserheating setup in microXAS beamline at Paul ScherrerInstitut

Rapid melting and solidification in spherical alloy specimens cooling rate
determined by sphere radius (C. Kenel, CL. Alloys Compd 2015;637:242)

Time resolved characterization of phase transformations during rapid
solidification using microXRD (transmission) and high speed imaging

A Study of solidification sequencein Ti-48Al at cooling rate of 1.25- B R ¢!

p>

>

/C. Kenel, D.Grolimund, J.L. Fife, V.A. Samson,
S. VanPetegem, H. VanSwygenhoven, CL,
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PAUL SCHERRER INSTITUT

In situ microXRDtests 1H) @Empa

Materials Science and Technology

Ti, Al TiAl

tot =195

A Laser heating until stable melt is reached for >1s and shut-off
A Azimuthal integration for time evolution series
A 1 Experiment = 2000 2D spectra (new measurements. 10000 2D-spectra!)

/C. Kenel, D.Grolimund, J.L. Fife, V.A. Samson,
S. VanPetegem, H. VanSwygenhoven, CL,
Scripta Mater 2016:114;117/
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Materials Science and Technology
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In situ microXRD onbinary Ti-48Al @Empa
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A Low T:Fully intermetallic dual phase structure

A High T (~1500°C): metallic liquid
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In situ microXRD onbinary Ti-48Al @ Empa

Materials Science and Technolagy
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A Low T:Fully intermetallic dual phase structure
A High T (~1500°C): metallic liquid
A and everything in betweené .
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2

Integrated peak intensity a.u.

In situ microXRDtests
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Analysis of peak evolution and non-crystalline fraction shows the

Non-crystalline fraction

A=)

Integrated peak intensity a.u.

PAUL SCHERRER INSTITUT

—

@ Empa

Materi cience and Technology
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coexistence of the liquid phase and the U-phase upon solidification
Pixelintensities on CCDchip can be correlated with actual surface

temperature
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Based on the presented results, the nonrequilibrium solidification and

transformation of Ti-48Al follows:
U + é‘+ aseg

L L+0  U+3g,

/Empa-lec, MPIE Diisseldorf, 04.07.2016/
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Non-crystalline fraction

/C. Kenel, D.Grolimund, J.L. Fife, V.A. Samson,
S. VanPetegem, H. VanSwygenhoven, CL,
Scripta Mater 2016:114;117/
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Phaseevolution under AM conditions @ Empa
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A Phasetransformation sequence
A Fullequilibrium: L +b L+b+ a +a a a + gg g +,a

A AM conditions: L ta a a + ggt+.,a
A Preferenceof a over b under non-equilibrium conditions
A Earlyformation of g
Suppressionof full a  gtransformation and direct ordering a a,

>
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Influence of Nb on microstructure @ Empa
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AM of TiIAl with more complex geometries

SLM 3Dtest structures (in collaboration
with Inspire)

in collaboration with

Inspire
TWI
7

[ PP PPN P Pl vt sl v et PR W
1 2 3 a

=2 EMPA

LMD test structure Ti-Al alloy CTof a LMD test specimen RS
(with TWI Ltd.) TR OKIGEN
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A Development of bronze/ diamond composites for AM
A SLM processing of bronze/diamond composites

A Rapid solidification of Cu-Sn-Ti alloys

/Empa-lec, MPIE Diisseldorf, 04.07.2016/
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New materials by AM ETHzurich  @Empa
Metal-diamond composites

d Technology

Metal-diamond composites interesting for high-performance cutting or grinding
tools

Conventional production : GalvanicNi-bonding of diamond particles
A Only single layer diamond tools possible, typically with simple geometry

AM offers possibility to produce complexely shape geometries (e.g. internal
cooling chanels

Problem: Graphitization tendency of diamond particles at elevated temperatures
A Depending on atmosphere (Inert atmosphere / vacuum® 1 6 0Ax° 1 6 CO)0

L
WL

/[Empa-lec, MPIE Dusseldorf, 04.07.2016/ 31
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Metal-diamond composites @Empa

Materials Science and Technolagy

ETHzurich

A Matrix material
A Cu-14Sn10Tialloy
A High thermal conductivity (> ° 55 W/mK)
A Tliquidus =925°C
A Powder with
A Djp=7.6um
A Dgy=20um
A Dgy = 38um

A Diamond particles

A 50 vol% Ni-coated to protect the diamond
particles from graphitization
(additional heat sink)

A Mean particle A
33.9+ 6.4um

/[Empa-lec, MPIE Dusseldorf, 04.07.2016/ 32



Metal-diamond composites ®Empa

A SLMprocessing of a of Cu-Sn-Ti alloy & diamond particles ETH zarich

A Stable specimenswith good surface quality can be produced

/A.B. Spierings, CL,C. Kenel.
K.Wegener, RapidProt J,

Diabraze with 10 vol% Ni-coated Diabraze with 20 vol% Ni-coated
diamond, EL = 50.57/,,;3 diamond, EL = 41.29/_ 3 2016; 21(2):130.136/
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Metal-diamond composites ®Empa

Integrity of diamonds after SLM

N
* (Cu)
. u InTi,
TiC . T
% diamond

Intensity a.u.
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T T T T T
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A Intact diamonds, embedded in the matrix K Weoanor masiproc

A Diamonds are surrounded by very small TiC particles Ry

A Diamond patrticles partly dissolvesinto the matrix during the
SLMprocess, forming TiC particles

34
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Cooling rate dependent microstructure @Empa
In Cu-Sn-Ti alloys

Cul4.4Sn10.2Til.5Zr

(CusSn)sTis [
Rl
.

(Cu)+(CuSn);Tig

£ { (Cu)

= Tirich phase

1600 K/s 6400 K/s

600 K/s |88

A Main phase constitutes (fcc (Cu) and (Cu,Sn,Ti) d o nobange with
modification of cooling rate.
A Increasing cooling rate:
A Grain sizessignificantly decrease
AMorphorlogy : eutectic lamelar structures
A Suppressof densritic primary phase
A Smallamount of Tienriched phases

/Empa-lec, MPIE Diisseldorf, 04.07.2016/ 35



Composition dependent microstructure @Empa
In Cu-Sn-Ti alloys

cooling rate ~600 K/s

et , / . ' N .
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A Slightly changing the Ticontent, the amount of large IMC is reduced.
A Different SWTi ratios:
A The phase constitutes change, i.e.new Uphase
AThe morphology of (Cu) phase varies from dendrite to non-dendritic
shape.

/Empa-lec, MPIE Diisseldorf, 04.07.2016/ 36



>

A

~

A

A Summary and outlook

/Empa-lec, MPIE Diisseldorf, 04.07.2016/

Materials Science an

37

echnology



Summary ®Empa

A Metal additive manufacturing offers novel and hitherto unknown
possibilities in terms of geometry and functionality of components

A To exploit those possibilities, the understandig and optimization of
the currently existing alloys or the development of novel alloys is
necessary

A It is crucial to know the phase relations in the alloys of interest as
well asthe phase transformation behaviour under the rapid
solidification conditions during laser AM

A éwe are only at the beginning. Real additive MANUFACTURING (not
prototyping ) requires a better understanding of the correlation
between design, materials, manufacturing processand component
properties

/Empa-lec, MPIE Diisseldorf, 04.07.2016/
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Microstructure of AM ODS-TiAl 'Yy @Empa

Materials Science and Technolagy

UMNIVERS

LIVERPOOL

inspire

SEM

a) asprocessed stateA meta-stable microstructure
b) after thermal annealing at 1123 K for 12 h (inset: scale bar =4 mm) A ultra
fine lamellar two-phase ({i2/&) microstructure.

) STEM brightfield, distribution of fine ODS patrticles,
)

HRTEMmicrograph of an ODS particle pinning a grain boundary (GB) in the intermetallic
matrix

c) TEMmicrograph of ODS particles interacting with dislocations.
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