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Table 1 Large-scale L-PBF type machines

Machine EOS SLM Solutions Con'cept Laser | 3D Systems
M400 SLM500HL | X line 2000R ProX400

Build size(mm) | 400x400x400 | 500x280x320 | 800x400x500 | 500x500x500
Laser Fiber laser Fiber laser Fiber laser Fiber laser
Laser power (W) 1000 400/1000 1000x2 500x2
Spot size (z2m) - 80 ~ 120 100 ~ 500 -
Scan speed (m/s) =~ ~10 =7 =
(e thicknes | g0 ~ 20~200 | 30~150 | 10~ 100
]?:él/i)speed = 105 10~ 100 -

Table 2 Comparison of characteristics between PBF and DED

I NI T
eroition e [

Layer thickness 0.3 ~ 1.5 mm 0.03 ~ 0.1 mm

EEN et B ~ 00500
Surisce rousiness [N RS

(b) DED-Milling type
(Mitsubishi Heavy Industries machine Tool)

Fig. 1 DED prototype machines manufactured by
TRAFAM project
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Table 3 Mechanical properties of various alloys (Source: EOS
data sheet)

N

(MPa)
IN718 IR 780 =50 1060 = 50 27+5
e, 634 =50 980+ 50 32+5
Ti64 IR 1140 =50 1290 =50 7+3
EER 1120 £50 1240+ 50 10+3
AlSil0OMg K- 270=10 460 = 20 9=
e, 240+10 460 £ 20 6+2

Fig. 2 Melting-solidification behavior of IN 718 observed using
a high-speed camera. Spot size: 0.1 mm, Laser power: 292
W, Scan speed: 610 mm/s, Hatching pitch: 0.15 mm, Layer
thickness: 0.05 mm.

e S Pt dOram:
- W vl

i T T 2

LY 1 T e e .
- 18 SOON 2N S8eI0 PO 1: w-‘r“

Spot ¢0.15mm

Fig. 3 Spattering behavior of IN 718 observed using by a
high-speed camera. Spot size: 0.1 mm, Laser power:
292 W, Scan speed: 610 mm/s, Hatching pitch: 0.15
mm, Layer thickness: 0.05 mm.
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Fig. 4 Schematic of melting- solidification behavior
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Fig. 5 Observation of melt pool by thermo-viewer

Fig. 6 Lack of fusion near surface
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Fig. 1 Examples of fabrication failure of Ti-6Al-4V specimens by
selective laser melting (SLM).
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Fig. 2 (a) Schematic showing arrangement of photodiode
and camera and (b) an example output from the
camera system showing varying intensity values

(right) achieved by Berumen"®!
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Fig. 3 Microsection and mean photodiode signal (blue) and
standard deviation (red) of the part which was built
with a building platform adjustment error by Berumen"®.
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Fig. 4 Experimental arrangement for monitoring of the laser
consolidation by Furumoto "
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Fig. 5 Consolidation process on powdered surface at the
thickness of 1 mm by Furumoto et.al.”.
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Fig. 7 Temperature measurements with different volumetric
energy inputs [J/mm?] by Islam et.al'®.
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Fig. 8 Mapped key indicators for build height 3.6 mm:
(a)thermal diffusivity and (b)maximum measured
temperature by Krauss ®.
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Fig. 10 Schematic of acoustic emission measurement during
plasma spray deposition by laser interferometers.
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Metal Powders for Additive Manufacturing in Aerospace &
land turbines. Trends and Challenges
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1. Introduction

Since a few years, a strong focus has been put on metal
Additive Manufacturing (AM) technologies because of the
potential benefits for aerospace and land turbine industries
such as :

- design freedom to achieve in particular significant weight
reduction , through the use in particular of topology
optimization or a better integration of functions

- material savings as well as the reduction of machining and
assemply operations.

The intensive research work on AM in various markets has
led to the industrialization of the technology in various market
segments:

- medical dental& orthopedic implants

- tooling for plastic processing

- more recently the aerospace and energy sectors, in particular

for turbine applications.

Therefore the Technology Readiness Level (TRL) of metal
AM varies by market segment as shown in the figure 1 below.
The current industrialization has led to fast increasing sales of
machines for metal AM since 2013, has shown in the figure 2.
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Fig. 1 Technology Readiness Level of metal additive manufacturing by
market segment - Source: Roland Berger (1)

Additive manufacturing is seen as an alternative process
of investment casting. But, given the high cost of the
technologies, they are more targeted at small to medium series
of part weight up to a few kilograms. Among the various
additive manufacturing technologies shown in Fig. 3 powder
bed laser beam melting is the most common for turbine

RS2 20184: 4 H17H

* 1 Aubert & Duval, 33 av du Maine, 75015 Paris, France
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Source: Wohlers Report 2018

Dramatic rise in metal AM system sales

Fig. 2 Sales of machines for metal additive manufacturing in units per
year - Source: Wohlers Associates (2)
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Fig. 3 Main metal powder based additive manufacturing technologies -
Source: EPMA (3)

applications.

In this article, an overview will be provided on 3 main points
related to metal powders for additive manufacturing

- Metal powder manufacturing process

- Powder characterization

- Alloys for turbine applications.

Download service for the GTSJ member of ID , via 216.73.216.87, 2025/06/07.



194 Metal powders for additive manufacturing in aerospace & land turbines. Trends and challenges

BAHZXZ—E L Z5F

2. Metal powder manufacturing process

The most common process for the production of metal
powders for additive manufacturing today is gas atomization,
for a wide range of alloys used in AM such as :

- steels
- nickel and cobalt base superalloys
- aluminium alloys.

The gas atomization process starts with molten metal
pouring from a tundish through a nozzle. The stream of
molten metal is hit by high pressure jets of neutral gas such
as nitrogen or argon and atomized into small liquid metal
droplets which cool down and solidify when falling inside the
atomization tower. Powders are then collected in a container
for further post processing operations such as sieving and
blending, before final packaging.

Superalloys metal powders are usually produced by VIM gas
atomization process, where VIM stands for Vacuum Induction
Melting. In this process, the melting takes place in a vacuum
chamber. VIM gas atomization process is recommended for
superalloys so as to avoid in particular oxygen pick-up when
working with alloys with reactive elements such as Ti and Al.

Fig. 4 Sketch of Aubert & Duval VIM gas atomization process

3. Powder characterization

Metal powders shall have the suitable chemistry,
morphology, size and physical properties to achieve the
targeted material properties with the various additive
manufacturing processes. Various standards below are
relevant to metal powders for metal additive manufacturing.
3.1 Chemical composition

The chemical composition of chosen metal powders will

influence in particular:

- melting temperature

- mechanical properties

- weldability

- thermal properties (thermal conductivity, heat capacity etc.).

Regarding chemical composition, main alloy elements ,
measured by ICP or Spectrometry are very important but
other elements also matters as they may affect significantly
material properties in AM process, depending on alloys:

- interstitials, such as Oxygen, Nitrogen, Carbon and Sulfur,
measured by combustion and fusion techniques
- trace elements and impurities.

With the gas atomization process, all powder particles have
the same chemical composition but finer particles tend to have
a higher oxygen content due to the higher specific surface.

The chemical composition can also evolve slightly after
multiple uses in additive manufacturing machines.

3.2 Powder Morphology

In additive manufacturing application, a spherical
morphology is preferred : it improves indeed the powder
“spreadability”, when applying a new layer of powder with
the recoating blade on the powder bed.

N -

C* ' scanner

maeiting amnea

powder averflow

Fig. 5 Sketch of Laser Beam Melting Machine by Concept Laser -
Source: EPMA (3)

In some specific additive machines, powder feeding is done
by gravity from a powder feeder. For those machines, a key
powder characteristics is flowability.
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Fig. 6 Sketch of a Laser Beam Melting machine with powder feeding by
gravity from a powder feeder - Source: EPMA (3)

Main powder morphology defects to be controlled in
powders for AM are :
- irregular powder shapes such as elongated particles
- satellites , i.e. small powder grains stuck on the surface of
bigger grains during atomization process
- hollow powder particles, with open or closed porosity.

Porosity content can be evaluated either by SEM observation
or by Helium Pycnometry. The presence of excessive amounts
of pores with entrapped gas can affect material properties.

3.3 Powder Size

The particle size distribution (PSD) is very important for all
additive manufacturing processes. It may vary depending on
the machine used and it can influence many aspects such as:

- powder flowability and ability to spread evenly
- powder bed density

- energy input needed to melt the powder particles
- surface roughness.

There are two main methods to measure particle size
distribution:
- sieve analysis (4)
- laser diffraction analysis (5)

It is important to note that the PSD results will be dependent
of the chosen test methods, which can provide different results
in particular depending on powder morphologies.

The PSD is an index indicating what sizes of particles are
present in what proportions. It shows the relative particle
amount as a percentage of volume, where the total amount of
particles is 100 % in the sample to be measured.

The frequency distribution indicates in percentage the
amounts of particles existing in respective particle size
intervals (blue curve: g3). The cumulated frequency
distribution expresses the percentage of the amounts of
particles below a certain size (red curve : Q3).
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Fig. 7 Particle size distribution % in blue and cumulative % in red
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Fig. 8 Example of D10, D50 and D90 - Source: EPMA (3)

A common approach to define the distribution width is to
refer to three values as can be seen in Fig. 8
- D10 i.e. the size in microns where 10% of the population
lies below D10
- D50, or median, i.e. the size in microns where 50% of the
population lies below D50
- D90, i.e. the size in microns where 90% of the population
lies below D90
3.4 Physical properties

Physical and rheological properties of metal powders are
important for additive manufacturing systems, both for
powder handling from powder container to working area , as
well as for obtaining uniform layers of powders.

The rheology of metal powders is a complex matter, with
several applicable standard test methods, though not always
fully appropriate for the particle sizes typical of additive
manufacturing systems:

- Apparent density (6)

- Tap density (7)

- Flow rate (8)

- Angle of repose (9)
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4. Alloys for turbine applications

In the field of aerospace and land turbines, the focus of
additive manufacturing research work has been mainly on
nickel and cobalt base superalloys. But other alloys such as
special steels, titanium and aluminum are also considered in
various turbine applications.

Regarding nickel and cobalt alloys, Aubert & Duval
provides alloys such as Ni625, Ni718, HX and CoCrMo F75
which have reached a high Technology Readiness Level in
various aerospace and land turbine applications.

Examples of standard chemical compositions, including O &
N content, are given below:

Table 1 Chemical composition of Aubert &Duval Pearl® Micro Ni718
powder

Elements Fe Al Cr Nb Ni Mo Ti B Co Cu Mn P Si C s o N
Min Rem. 0.2 17 475 50 28 065
Max 08 21 5.5 55 33 1.15 0006 01 03 035 0015 035 008 0.015 0.03 0.03

Table 2 Chemical composition of Aubert &Duval Pearl® Micro HX
powder
Elements  Ni Co Cr Fe Mo w Al B Cu P Mn Si Ti c S o N

Min Bol. 05 205 17 8 02 - - - B - = = - - -
Max - 25 23 20 10 10 05 001 05 004 10 10 015 01 003 003 003

However, several other alloys, including difficult-to-
weld alloys are being evaluated for additive manufacturing
processes as can be seen in the figure below. The TRL of all
alloys varies but laser welding seems to provide new levels
of weldability limits for nickel base alloys compared with
conventional welding methods.

% of Aluminium

6_ .
'Ni!q?l't"--‘_ Future weldability limit

ol “«.._ for additive manufacturing?
4

Ni738LC

L ]
3_.

B AD730
Sy i & Ni939
14ni71g 263 Weldability limit
* **-._for conventional welding

HX P“ HiﬁZS
I | | I | I

1 2 3 4 5 6 % of Titanium

Fig. 9 Examples of alloys used in the field of additive manufacturing for
aerospace & land turbines, including AD730 by Aubert & Duval

Depending on targeted applications and the environment
of use on the parts considered, a key point of research for all
alloys is to optimize their chemical composition for additive
manufacturing processes so as to:

- minimize possible defects such as cracking and porosities
during laser processing

- maximize mechanical properties, in particular fatigue, creep
and high temperature properties.

Hence the trend towards DFAM alloys, i.e. alloys Designed
for Additive Manufacturing.

In the longer term, new generations of alloys will be
designed exclusively for additive manufacturing processes,
providing unique material properties in combination
with unique part geometries achievable only with AM
technologies.

5. Conclusion

After years of research & development, AM is now reaching
high TRL levels in turbine applications and several parts are
now launched in production series.

However, further work is needed for several challenges such
as:
- standardization
- improved test methods for powder characterization
- new alloys optimized for AM.
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Fig. 1 Crystal structure of (a) the y” -Nis(Ti,Al) ordered FCC
phase, and (b) Crystal structure of the " -NisNb phase.
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Fig. 2 Effect of Al and Ti+Ta content on susceptibility to strain-
age cracking in Ni - base superalloys. Modified from J. N.
DuPont, J. C. Lippold, and S. D. Kiser"
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Fig. 3 Schematic illustration of the effect of (Ti + Al) content
and heating rate to the solution annealing temperature.
Modified from J. N. DuPont, ]J. C. Lippold and S. D. Kiser™
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Table 1 Alloy explanation and abbreviated words

Abbreviation Explanation or full spelling
IN718 The alloy IN 718 is y ”/y’ - hardening alloy with a high-strength, corrosion-
resistant which is used from -253 t0704 C . Its welding characteristics, especially
its resistance to postweld cracking, are outstanding. The alloy with good tensile,
fatigue, creep-rupture strengths, resulted in its use in a wide range of applications.
Examples are components for liquid fueled rockets, rings, casings and various
formed sheet metal parts for aircraft and land-based gas turbine engines.
IN939 The alloy IN939 was developed for turbine airfoils and has been used extensively
in industrial gas turbines. IN939 is y - hardening alloys with their inherent higher
temperature capability. This alloy is a reasonable choice among the heat resistant
alloys since the chemistry balances the weldability with adequate strength. IN 939
material is today available for reduced risk of cracking in the heat affected zone
(HAZ) during welding.
CM2471LC The alloy CM247 LC is a cast superalloy modified from Mar-M247, specifically
designed for making the directionally solidified (DS)turbine blade, with low
carbon content. The alloy contains higher volume fraction of y “ precipitate and
shows higher strength compared with IN939.
IPF map Inverse Pole Figure map
SLM Selective Laser Melting
EBM Electron Beam Melting
C&W Cast & Wrought
STA Solution Treatment and Aged
DA Direct Aged
Table 2 Chemical composition (mass%)
Cr Nb Mo Ti Ta Al W Co C B Zr Hf Fe Ni
SUS316L 16.92 - 240 - - - - 0.024 - - - Bal. 12.08
IN718 1963 505 285 110 002 046 003 004 0.002 - - Bal. 5259
1N939 225 1.0 - 36 14 1.9 190 020 0.1 Bal.
CM247LC 7.86 - 049 076 319 549 978 892 0069 0015 0011 136 - Bal.

Table 3 Tensile properties at room temperature

Direction

Yield strength

Tensile strength

Elongation (%)

(MPa) (MPa)
Vertical direction 677 1022 281
As built

Horizontal direction 790 1070 25.2

Vertical direction 1271 1424 18.6

STA

Horizontal direction 1365 1519 14.7

Cast &Wrought +STA - 1028 1139 105

Table 4 Tensile properties at 650 C

Direction

Yield strength

Tensile strength

Elongation (%)

(MPa) (MPa)
Vertical direction 594 862 25.1
As built
Horizontal direction 742 941 238
Vertical direction 1042 1142 10.1
STA
Horizontal direction 1073 1184 26
— 21 —
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Fig. 4 (a) Stress-strain curves and (b) creep curves of AM
specimens at 600 C .

IFMFEIC R o720 TR,

Fig.5 Optical microscopic image of a crack due to lack of
fusion on the vertical plane of as-built specimen.

500pm 500pum

Fig. 6 Side view near the fracture surface of (2) as-built and
(b) Solution-heat-treated specimens tested at 600 C .
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Fig. 7 Materials used in PW4000 aeroengine®. (a) Entire
breakdown of material and (b) breakdown of Ni alloys.
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Fig. 8 MPB microstructures of the as-built specimen: (a) side
view and (b) top view. The BD (built direction) is shown
in each figure. Side view of the SEM (Scanning Electron
Microscope) microstructure shows the (¢) layer-layer MPBs
and (d) track-track MPBs. The dendrite growth directions
are shown by arrows.
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Fig. 9 IPF map of the as-built specimen from the (2) side view
and (b) IPF map of the C&W specimen.

1400

1200 . Horizontal Direction.

1000 | /! Vertical Direction.

800 |n

Stress-a/MPa.

600 |1
400 |

200

0

0 5 10 15
Strain-€(%)-

Fig. 10" Stress-strain curves of the STA specimens at 650 C.
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Fig. 11" Comparison of creep curves between (a) AM-vertical
and C&W specimens, and between (b) vertical and
horizontal specimens in the DA material.
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Fig. 12% Fracture morphology of (a) lower-magnification
viewof DA-horizontal specimen; (b) magnified
image of the circled area in (a).

i i

EAVAVAYAY
e <
—
e
=
| ] ANNANN
] l
(a) (b)

Fig. 13 (a) Schematic illustration of dendrite structure in (a)
vertical and (b) horizontal specimens
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Fig. 14 Creep curves of SLM and cast specimens of IN939 at
650 C , 690 MPa.

Fig. 15 IPF map of (2) as built and (b) solution-treated (1160 C /4 h)
IN939specimens.
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Fig. 16 (a) The crack is orientated perpendicular to the scan
direction, (b) dendritic structures at on opened crack in
the as-built CM247LC specimen.
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Fig. 17 IPF maps on the (a) vertical and (b) horizontal planes of
the as-built specimens. Cracks propagate along the large
angle grain boundaries in the build direction.
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Fig. 18 EDS (Energy Dispersive X-ray Spectrometry) analysis
on the vertical plane of as-built CM247LC. Segregation
profile of Zr compared to Ni and Cr.
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Fig. 1 Typicalmetal additivemanufacturing methods (PB and DED).
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Fig. 2 (a)Selective Laser Melting facility (EOSM290)
(b)typical block-type specimens used in this study.

1, EAMELR EOREBEME A L TEBIZATI L.
ETIE D, TERE IR L7 BURH K & A
(R=A7VL—=1) &ty bL7e ANT 74 NVDEME
IZHE > T, 353 KOFEGREEIPRRE L 72 64K Lo —EE
SOBMEEMIG U720 FDORITEIEW O K RE O Wi IR
o TL—FRERT S L THERBZ RBFTYICER
Belt L CHERE & 1572, I O SRR BE FE0.1
WIOTDT NI N—=VFERRE Lice HiicmhRED
gl L =R e R 2 T, AEEREN (10
10x 10 mm?), BKERR (15x15%65 mm?®) %372,
1 RIRER T DETH % [ 2 (DIZRT. 72, Wl e L
THEMBED 7 — 7 #fFM (50x80x18 mm?3) #{E# L
72
EEHEORBR BRI E HigE LB G5k
LALER) it L7z LB D% O EIF I
UC, ZeMLB L KB R A %2, BHEF A%
HVLP A A A HN el 2 A5 B 28 & Hlv 2. ik
LALBRIR B X & D B J) 7515 (Thermo-Cale, SSOL4
database) % JCIZ HAHMLIRA %2 & & 51393 KICRkE
L7z

2.3 FHMEAE

£ B ERER R O BT 3O B, JEATE T PR
(Scanning Electron Microscopy, SEM), 4% #HET

Download service for the GTSJ member of ID , via 216.73.216.87, 2025/06/07.



206 NMIPIAOE—E2DL —FRREBEBADER

AERHR 2 —E ¥R

PH % 8% (Scanning Transmission Electron Microscopy,
STEM) (2 TaHili L 720 MG ICIZEFHRT o —7
/N5 At (Electron Probe Micro Analysis, EPMA)
ESTEMIC AT L 72 = % )V F — 4 BB X 40 AT 45 1k
(Energy-Dispersive X-ray Spectroscopy, EDS) # fl\»
726

EIEW O BEMAE X =R (295 K) To5lkRAR
(ASTM E8H#Efit) & 2 v ) Kl akEx (JIS Z2242#4)
ZCRMI L 720 AR ORI I3 fLERER (JIS G 0577
HWEPL) & Pb IR R R R (JIS G 0577H#:4L) & v
7oo FLERBUI A S, SRIELGUEIEEMR (FFIKCl

B RV VFRT Y a Ay v b GRFTHEE,

PS-08) 12k Y, EimdEAkd (35% NaCl, 353 K) 123
WCHIE L7z F72, WhISHIMREER Tk 5 %tk (25
SRR (10x10x3 mm) #iREL, S
PHANCHERF L - as CTIRIF 32 2 & CTH ML 720 E
AR A E RIS Tl L -l mh 65
L7z

3. BWREEE
3.1 EFEBOFHE

HZEHAT b= A AETH LS L2 EE R KOs &
RLEES A %2 B 3 1SR T HW 2R KIZERIRTH D,
SLMIZBF 2y Kt CLE L 25 EEZ A L Tw»
f:o i 7:, ’E*+*5J\@*jf§ﬂil)w = 19.5um, Dsy = 355
pm, Do=538,mTad»Y, SLMIZH#T 2 A EHPH (10
~ 70pum) Z#EG L7z, 72, BB B X OEBAED
R & F % CorsCrFeNis TiosMooi DAL & & E L
7z (F1)o

" (b) 100

0

fitls0

e LEL. UL L . lLd

—

10 100 100
Powder diameter (um)

(%) Aousnbauy aanenwn

Fig. 3 Powder feedstock of high entropy alloy (2)SEM image of
powder, (bjpowder diameter distribution

Table 1 Chemical compositonsof powder feedstocksand SLM
product obtained by ICP-OES

(wt%) Co Cr Fe Ni Ti Mo O
Ideal 278 164 176 277 75 3.0
Powder 280 169 173 272 76 31 0031
As built 275 168 174 277 76 30 0045

SLM
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Fig. 4 Cross sections of SLM products, (a)products with lower
energy density, (b)products with higher energy density,
(c)optimized condition.
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Fig. 5 Ni-elemental distribution in arc-melted and SLM specimens®™. EPMA was used for (2), and the other figures were imaged
by STEM-EDS. Electron-beam diffraction patterns were inserted in (b(d). (a) arc-melted specimen, (b) SLM specimen (as-

built) (¢) SLM specimen (ST followed by water quenching), (d
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Fig. 6 Engineering stress-strain curves of each specimen, ST:
solution heat-treatment, WQ: water quenching, AC: air-
cooling, NQ: Nitrogen gas quenching.
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Fig. 7 Tensile properties of ST-NQ specimens along X, Y, Z
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Fig. 8 Charpyvalues of SLM productsCharpy
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Specimen potential 'V vs. Ag/AgCl

Fig. 9 Polarization curves of SLM product in 3.5 % NaCl
solution at 353K. Ag/AgCl (in saturated KClsolution)
was used as the reference electrode.

Immersion time (hr.)

Fig. 10 Mass loss curves of SLM products obtained by
the immersion tests in boiling 5% sulfuric acid.

Table 2 Typical properties of high entropy alloys obtained in this study

Co15CrFeNiisTiosMoos Alloy718
Arc-melted SLM roll
Solution heat-treated*!
Aging
Water Air  Nitrogen | treated*?
quench  cooling  quench
Proof stress (MPa) 665 888 888 939 961 1169
Tensile “p. silestress (MPa) 775 1225 1345 1471 1508 1321
properties
Tensile elongation (%) 30 22 29 17 21 27
Charpyvalue (J/cm?) *3 54.5 90.7 37.3 337 90
Pittingpotential Vcioo
(V vs, Ag/AgCl) ** 0.87 0.94 0.82 0.79 0.62
Weightloss rate
in 5% boiling H2SO4 0.95 0.92 0.70 0.63 1.16
(g/m? + h) *5

*11393K *2 1339K -10hr solution heat treatment and 922K -8 hr. aging treatment,
*3 JIS Z 2242 -V notch ** Obtained in 3.5% NaClat 353K, ** Obtained after 48hr. immersion.
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1. &8

Additive Manufacturing (LF, AM&E#HT %) Wb
W53DT) ¥ & —%& iz 3kICHEIE & A )E R
WM OBEE T O ATHEASN, FZEERS, B
HBJ B MR ST T b 7 £ T2 E\EH2E A -
TWab, BICERBHEEH VR 5 —Xy KL TD
AMGEBREATEH ENTWAE2, &R T7A Y&k
TERICDIEEPET N OOH D, EEMEKZH V8
=Ry F¥ A4 TOAMENE, B SO BEDS
HETH Y, INF THEESICL ) HEHOIMM ThI S
NTWnE —KTHIET2 203 T& 5, $72, 15
G TG T & B o B R S IR S O B A
MEL%nZens, WO LIZHS T4 2 &)
FENTVE, SETAXEACEE T, ERRE
[E i R MAVAYAL/E AN NP A e 2% 1N
IR DHENT L2, KREEM Ot EIIC# L C
BY, WEkOKREOFHETM & OB SR IBHFFEINL,
LaL, BREZAWAHESECIIRE EXORA
PR ONBWZ E R ENS, BiRMEICENHEO
HHAPHETH 2 VS BEED L. T4 Y ERH
J@EE T, MAEMTHRONG I V5 I 0BT S
NBLOD, EHEMIITAYIZTERWD, BEM
E BRI ETREM 2 BT 5 2 L BWEETDH B v
D Do AMTIE, IS OREMICED L HEE
BRI IT 72 BRIZOW TS, E1ICALTE
K BB OALF IS %R,

R 20184F 4 H18H
¥ 1 ZFEHUNRNT—YATAIAW =K<+ =&
AMBATHE %
T317-0073 Hrm=¢EMr3-1-1

Table 1 Chemical composition of the alloys as mentioned

Alloy | Alloy | Alloy | Alloy | Alloy | USC | COW | Alloy | Alloy
718 | 939 |738LC| 263 | 740 | 800 | AL |720Li| 247
C 004 | 015 006 | 003 | 004 | 001 | 002 | 0.16
Si 009 | 04 0.5
Ni Bal. | Bal. | Bal. | Bal. | Bal. | Bal. | 475 | Bal. | Bal
Cr 19 19 16 20 25 17 15 | 162 | 82
W 1.6 25 2 16 1.3 10
Mo 3 1.7 58 0.5 6 3 0.6
Fe 19 0.7 0.7
Hf 15
Co 85 20 20 23 | Bal. | 146 | 10
Al 05 1.9 35 | 045 | 09 4 37 25 55
B 0.01 | 001 0.012 001 | 0015
Ta 14 1.7 3
Nb 5.1 1 2 2
Ti 0.9 37 35 | 215 | 18 5 1
Zr 01 | 005 0.05
[wt%]
2. Wk

2.1 BMERBBICHTHERE

L—HFBIVETFE—2 2V 5 Ry FHRX
MWERZHWZ-LMD (Laser Metal Deposition) J73 M
AZHW AR RIEZEICHT AT b= A4 ZEPHWON D,
TiIF&E&RED—HOHETIET I XA~T b~ A XH0H
WHONLGELHY, TOMOBREEIHT LMD &
HDHENTWDEA, TAMREELROBIRD S HESEM A
F—EVICHHEND IR AEST L EER D,

IR F Ry RERIHW S Z EDTE BB ROREH
AR, F72, MECROBHRPHIPHB K L KT 5 L
WK E B EDD, HERDHTAT b~ A XBEE CHlE
L7z2B R TIR/3HE, BAICL > TR1I/BUToMlEKL
PMERHTERVWEALDHLIEPOIANEERLI L
HBHETH D, ZoOM, TAMNHELLIERELT, 7
AT MRAFDB L OGRERE SO0 h 5 B NE
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Fig. 1 Gas Atomizer in house and flowchart of alloy
development for AM

X 2 ICMHPSTHER L 72 By K OSEME % 7R 5. By &K
ERIZIZITERIRTD 50 KRELBRELENS L RIS
FT5H754 ML D BV, AT b~ A X5M058Y)
ThwE, BERELOWKE, EMEF Y N\OELRELD
Bflic X 0 BRIRDENTL F 9o BROBIRITH K
DM S B2 RITTZTTRATAT <A X5k
HORLELOHKEED—DLEZ T,

MHEAAT A FERHCLE0OMEOEHEIX
100ppmii# (1 kgiEf#THIERM) ThHb, TVIVH
ADOKEE, IR ORI, FURFRM O A )7 1355 % et
L, B ZBHROGHEEAMII T2 LERATVS
bOD, BEEAHEZ20ppmL TIZTIFS 2 & I3BEMN
THWEEZTWD, DD, BESRAT HMEIC
DWTIE, MEBZRICK VRS 2LENH D LERT
Wb,

B 3 HER L 7= R OMEG A O—Bl 2 IR T AW
F ANVIESIMIBEICH WD ROBERICHE L b
DT, BREREIH8kgTHY, oM TIE
SLME#ETHW B R % # 4 kgBRINT & 72,

Fig. 2 SEM micrograph showing house made gas
atomized powder (Alloy equal to alloy718)
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Fig. 3 Powder size distribution plot for house made gas
atomized powder (Alloy equal to alloy718)
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Fig. 4 (a) Room temperature tensile strength and shrinkage of
MHA3300 (by AM) and Alloy (by casting) equal to

Alloy939
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Fig. 4 (b) Heat resistant temperature and Low cycle fatigue
resistance (800°C) at room temperature of MHA3300
(by AM) and Alloy (by casting) equal to Alloy939

Fig. 5 MHA3300 Trial part (reduction model of gas turbine
nozzle)
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Fig. 6 Test pieces of alloy738LC and optical micrograph of test
piece cross section
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Fig. 7 Creep curves of alloy 738LC by AM (980 C, 98MPa)

(b) BRAEH

Fig. 8 SEM micrograph showing micro-structure of alloy 738LC
AM by standard and modified (coarsen) heat-treatment
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Fig. 9 Creep curves of modified alloy738LC and alloy738LC
(780 C, 490MPa)
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Fig. 10 Temperature influence on gamma prime
precipitation of alloy USC800
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Fig. 11 Brief mechanism of MH process
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Fig. 1 Sensor probes made by additive manufacturing
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(a) Made by original data (b) Made by modified data

Fig. 4 Geometry measurement results of stators made by
additive manufacturing
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Fig. 5 Stators made by conventional manufacturing (back) and
by additive manufacturing (front)
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A) Impingement/film cooling part B) Convection cooling part

Fig. 6 Image of gas turbine DLE combustor liner
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a) Trial piece b) Structure of ribs
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Fig. 7 Trial piece of combustor liner, convection cooling parts
made by additive manufacturing
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Fig. 8 Trial piece of combustor liner, convection cooling parts
after combustor rig test
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Fig. 9 Combustor and fuel injection valve
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(b) Trial piece of injector

(a) Trial piece of swirler

Fig. 10 Swirler and fuel injector made by additive manufacturing”
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Fig. 11 X-Ray test results of fuel injector

Fig. 12 Cross section photo and Fluorescent penetrant
inspection result of fuel injector
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Fig. 13 Trial samples made by TRAFAM additive
manufacturing machine®- ©
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Fig. 14 X-Ray test result of trial sample”®
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Development of Additive Manufacturing Method for Energy System
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D, EEHEEIX15-22mm?/s"TH b,

Table 1 Specification of Arcam A2X'®

Max. build size 200 % 200 x 380mm

Max. beam power 3000 W

Build atmosphere 2x10° mbar (partial pressure of He)

Min. beam diameter 250 £ m
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Fig. 1 Appearance of specimens
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Fig. 2 Microstructure of cast and AM material
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Fig. 3 Microstructure after developed heat treatment
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Fig. 4 Xray CT image of non-HIP and HIP specimens
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Fig. 5 Tensile properties of cast and AM
material of Ni-based alloy
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Fig. 6 Creep properties of cast and AM
material of Ni-based alloy
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Fig. 7 Appearance of AM specimens
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Fig. 8 Microstructure of cast and AM
material of Co-based alloy
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Fig. 10 Creep properties of cast and AM
materials of Co-based alloy
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English Which Is Not Taught in School (17)
!
YOSHINAKA Tsukasa
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1. "QPB (Quarterly Paper Book Club) Encyclopedia of
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published by Facts On File, 2nd Edition, 2004

4. "Oxford Dictionary of English Idioms, Third Edition"

Edited by John Ayto, Oxford University Press, 2009
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Verification and Application of Fluid-Structure Interaction and a Modal
Identification Technique to Cascade Flutter Simulations
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A Study on Unsteady Flow Phenomena at Near-Stall in a Multi-Stage

Axial Flow Compressor by Large-Scale DES with K Computer
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