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Digitally-Enabled Materials

LG 7 v v AW FATIIRE

and Additive Manufacturing Technologies
for the Manufacturing Landscape
T/ 3N OBIBICH T BT 2 IERR & NELE R

The development of new materials and processing
methods has always been a core driver in the
manufacturing industry. For decades, researchers
have been mapping the relationships among
composition, processing method, structure,
properties, and performance for newly developed
materials through time- and labour-intensive trial-
and-error experiments. The typical cycle from
material discovery to deployment ranges from 10 to
20 years. In order to accelerate the development
process for new materials, material informatics
strategies with data centric approaches are now
increasingly being used - 2. This is facilitated
through the development of high-throughput

computational and combinatorial experiments. Data

FiitE s KO a2 2D IZWO DR S, BEEICKT S
TR BB RBNDOVOEDTH S, -4 O, WFEHITHM
R L 22MBHC DWW T, 2o/, Tutv =, ked, Rk, %
BEOSHERMOBGRE, JERIZE < OREl & 577 % B Lkl
MAEERTHNTZ 2, 207280, HROFER,» 6 EALE T,
RIS 1042 5 20 DE A A 22 5 T/, LA LEDE T,
BB Z g 2 2012, 7—42thD7 Fu—FRo~v 7
VTNZA VT A3 T A2 ABRHEDONDE I ENEL B> TET
WpD2, ZhigNg 2L—TFy b &EER¥EE LIV ES b
V7 VEBROBTIC K > THBRIZ & 5 72, 7 — 2T, 2O
B Tov ZFREONEETEICT 2OV EDTH S, HFD
T — A HAEOMMEE V) 2 — Y 2 VORMERENZ OB &
XATED, ZHCKOMBRIZFOMERBICE T 5,857 44 4
VIMNREEEEINTWE, YTUTIAIA VYT 49T 4 I AT
F, e FHA itk WT [WEFIL] &, 72Tl
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analytics is one of the key enablers for accelerating
material discovery and processing. The rapid
advancement of data infrastructures and machine
learning solutions in recent years is supporting this
drive, and is resulting in a paradigm shift in
materials science research and development.
Materials informatics can generate “inverse models”
for optimization and design, and can also produce
“forward models” for predictive analytics 2.

In addition to the emergence of materials
informatics, the manufacturing sector is evolving
towards digital manufacturing, with the
manufacturing and assembly sectors increasingly
relying on digital design and robotics technology to

control the manufacturing processes. Moreover, new

BT [MEEFL] #ERSEBTENTE B,

VTVTAIA YTV T 42 ZADBHIIMAT, #EL K™
FANL CEHM A S TREHICE T2 7Y 4 LB KU a kR v
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T3, E61T, fEROMEILD 21322 IcENRMEE R,
BERNA T Yy FME, BEEME R E DRz a B BLL,
T IO DDOBGEE LR TS, ZHEDHMBEA &5
BLRICHARENS Z LT, HLnEatEAN S, Bk
BAWRE I NS, ZTOME, FizalEnPlfsh, i LOE
Jikts K USHANL TRHAICAMEA T S 5,

FTUANEGE Y 2T AN A TEUEREAR AHES L 222 LI &
0, MEIOIZRERC KK, FE 2 BUETIET Y 2 LICHITE %,
ZHIZkD, BREMD R B EROEOMMOEER, ek
DRI K OHLEIEK & o 72 G PERE D FHE A nlREIC % % . 3D
TV VT4 v E b A INEYE (Additive Manufacturing:



materials (alloys, hybrid and composite materials)
that have far superior properties to traditional
materials, are emerging and changing the
manufacturing landscape. These new materials will
be integrated into components and manufacturing
processes to generate new designs and improve
component performance. This will give rise to new
application opportunities and deliver added value to
new fabrication and assembly methods.

With the advancement of manufacturing technology
and the emergence of digital manufacturing systems,
material morphology, composition and structure can
now be digitally controlled. This allows users to
manufacture freeform multi-material components and
tailor their performance to provide an increasing
range of functionalities and applications. Additive
manufacturing (AM), also known as 3D printing, is
one such digital manufacturing technique, and
involves a layer-by-layer approach to fabricate
freeform parts. It is also a valuable tool for
materials innovation, and is instrumental in the
transformation of product design and the
manufacturing landscape. The layer-wise fabrication
approach allows complex geometries to be produced,
which is challenging using traditional manufacturing

routes such as subtractive processing (turning,

AM) HiE Z D &5 &7 v 2 LVEGERO—MTH 0, EEkEE
HRTEROEOEHMEE-> TS FEERE 2DV LD ThH
B, FRINEHEDOA ) R=2 3 VIZKROIZRLDY - L TH
D, MEHRHBLOE/ DL OVDOBUSAELZEDTH S, ZD,
Ja &Rt B B ERDFE TR, BREMNT GEMTR 7 74 200
T E) RBIEM T ($hE0HE 5 &) & o 2RO BE T
K72 o 7B A TR DB BRI 5 5, L Ladi b, fE
o 0 BUE J7 BT ORI TIRAMICHE X ZWEARH D,
AMIZHEFI 4 2 RIS MR A ZH S 2 0 EHH 5. & 51,
AMIBVARLZ R DET TR TH 5720, AMTEE X h-&E s
i, AR PEEG R AR 0O LIS, SO Kk B M 2 B
JEAMEE S 2, NSRRGSR E 525, 2h
5 DAMIZ K 5 ik, fEROFHETHERIhZE DL 3H
L #ABD0, LinoT, Tukx, S HEogEEMN
DR A BEMICHRT 2 2 L1k, SBAMOEALE % LT3

milling ete.) or formative processing (casting, forging
etc.). However, some material compositions used in
traditional manufacturing are not suitable for AM,
and modifications are required before they can be
used. Moreover, metal AM parts are subjected to a
complex cyclical thermal history comprising
directional heat extraction, repetitive melting and
very rapid solidification steps during AM fusion-
based processes, resulting in anisotropic,
heterogeneous and fine-grained microstructures.
These AM microstructures differ significantly from
those in products manufactured using traditional
methods #-. Thus, a thorough understanding of the
relationships among processing conditions, structure,
and properties is essential in order to increase the
metal AM adoption rate.

The development of a new generation of alloys
tailored for AM is vital for overcoming the above-
mentioned challenges and for realising the full
potential of AM, tapping into the uniqueness of each
type of AM technology for new material development.
Researchers have used combinatorial material
science to create new alloy compositions with AM
technologies (powder-bed fusion and direct energy
deposition) to design and optimize metallic alloys and

heterogeneous structures 7: 8. High-entropy alloys

7eDIZEARTH B,
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are one class of materials that have greatly benefited
from the emergence of AM, and have recently been
the subject of intensive research ¥ 9. Another class
of materials that has received a great deal of interest
is aluminium alloys. Traditional Al-based alloys (e.g.,
Al2xxx, Al6xxx, Al7xxx alloys) have micro-crack
issues during laser processing, and have to be
compositionally modified to enable printability. HRL
Laboratories and Elementum 3D are currently
offering composite printable aluminium alloys with
superior performance. Even for 3D printable
materials such as iron-based or nickel-based alloys,
the addition of ceramic reinforcements has shown to
produce 3D printable composite materials with

10),

superior properties 1) Many more material

alternatives will appear on the market as AM
adoption gains traction.

It is also worth mentioning that the binder jetting
process is attracting great interest due to its
capability to 3D print highly porous structures using
a wide range of materials (metals, ceramics, polymers
and biomaterials), which is not easily achievable using
fusion-based AM techniques. Mg-based alloys, which
are lightweight and biocompatible, cannot be

effectively processed by fusion-based AM, but have

been successfully printed via binder jetting 12 13)

BBV Y 2=V a YEBEREL O RETH B, A EE
7R =y S LVEAEEDIDTY VT 4 VB HREAMBHNZ T X 2
Y73y 20RMEEY & Sh, Bhfzio, 3D7Y v
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57259,
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ERFELEEHES I EFETCNBLILICDODVWTCEER LT X
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targeting implant applications. In addition, the binder
jetting process has increasingly been used to
fabricate sand cores and moulds for casting industrial
parts with complex shapes.

In the past decade, there have been significant
advancements in computer-aided design, AM
technology and materials science. In addition to the
ability to customize material properties, this has
opened up possibilities for developing smart materials
and designs, to achieve outcomes such as self-
assembled structures, self-repairing components and
multi-functional/self-adaptable components. Smart
materials are stimulus-responsive materials that
respond in a programmable way to an external
stimulus (such as temperature, light, humidity, pH,
pressure, and electric and magnetic fields) 14- 19,
This class of materials enabled the emergence of 4D
printing and has potential applications in implantable
biomedical devices, tunable shock-absorbing
interfaces, soft robotics and deployable aerospace
structures. Future materials research should focus on
forming a deeper understanding of how to control the
microstructure, shape, yield and residual stress
during processing, and on broadening the range of
advanced AM materials. This knowledge can then be

used to develop new integrated approaches for AM

ZOD10%, I v ¥ a2 — 2 %8EEN (CAD) R AMIEN, FORFRE
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processing of multi-material structures and functionally
graded components.

Besides AM materials and processing developments,
there is a need to look at the entire integrated end-
to-end AM workflow for industrialization. AM is a
digital transformation technology and represents an
ideal opportunity to apply the digital thread concept
to scale operations by linking processes together via
data analysis, from design concept to finished parts.
Using the information obtained, manufacturers can
better assess the quality and performance of products,
and adjust their design accordingly 6.

For the above exciting, multi-disciplinary research
and developmental work to be successfully translated
into industrial applications, close public-private
partnerships need to be forged between various
research entities with different competencies and
industry players. There must be a collective effort to
align problem statements, leverage resource pools
(talent, knowledge and facilities), and increase the
readiness level of technology, manufacturing, business
and the ecosystem, in order to accelerate the
successful and timely commercialization of developed

technologies.
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Advanced “Digital Twin” platform for
powder-bed fusion additive manufacturing
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Powder-bed fusion (PBF) additive manufacturing is a complex process involving powder
melting, rapid solidification, pore formation, microstructure evolution, residual stresses, and
distortion. Because of this complexity, developing the process for producing a new alloy, or a
new powder shape or size distribution, is a complex and expensive task, requiring a series of
trial-and-error experiments. This challenge is further exacerbated by the tight coupling
between the process and part shape, resulting in process parameters that are acceptable for

one design, but not for another. To address this grand challenge, we develop a truly

integrated, multiscale simulation platform for the PBF process. By linking modeling

Ramanarayan

capabilities at the part scale and the powder scale, the platform is able to address a multitude

Hariharaputran *

of aspects of process development. By exploring the parameter space digitally rather than

Rajeev Ahuwalia *
Guglielmo Vastola*
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experimentally, development is faster and cheaper than relying purely on experiments.

® Key Words : Additive manufacturing, Multiscale modeling, Powder melting, Microstructure prediction, Mechanical properties,

Residual stress, Distortion, INCONEL718

1. Introduction

Following continuous improvements in laser quality and
process stability over the last decade, laser powder-
bed fusion (L-PBF) additive manufacturing (AM) has
experienced tremendous growth and insertion into
industrial production. This trend continues to be robust,
confirmed by another double-digit growth in 2019, that
has put the market size at 11.8 billion US dollars . In
production, AM is economically attractive mainly because
a) it allows monolithic manufacturing of single parts,
and b) it allows the production of part designs that were
previously impossible to manufacture by other methods.
In case a), after the well-known success of the GE fuel
nozzle 2, the industry has seen numerous new applications
where PBF simplified the manufacturing process, such
as a recent case where the number of components in an
impeller was reduced from 73 to 1, which also reduced its
weight by 50% . In case b), freedom of design enables new
business opportunities by developing new products, such as

conformal high-performance heat exchangers, which are
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simply impossible to manufacture without AM . Taken
together, these examples clearly show that AM offers
new avenues of business growth, and therefore it is

beneficial to invest into this sector.

2. Motivation

In L-PBF, thin layers of powder (layer thickness
around 40 pm) are spread in a chamber with a controlled
atmosphere, and are exposed to a laser beam. Following
the specific scan vectors of the laser, the powder is
consolidated into solid metal, ultimately forming the
component. As a result, the process is extremely complex,
and involves high-energy light-matter interactions,
rapid melting and solidification, non-equilibrium
microstructure evolution, and the introduction of residual
stress. Because of this complexity, not surprisingly,
the development process for a new alloy composition,
and a new powder batch, usually proceeds by trial-and-
error. In this approach, several combinations of laser

power, scan speed, and hatch spacing are attempted, until
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satisfactory values are found. Because this approach
requires many samples, it is material and labor intensive,
time consuming, and therefore expensive.

An alternative to the trial-and-error approach is the use of
advanced modeling and simulation of the LL-PBF process. By
performing the tests digitally rather than experimentally,
a company can explore process parameters quickly, and at
a low cost. Therefore, computer modeling is economically
attractive for L-PBF. At the same time, its extraordinary
complexity requires deep scientific knowledge and
understanding of the process. Further, development of an
actual software product requires extensive capabilities
in scientific computing, high-performance parallel
computations, and software development. Clearly,
finding such a wide range of scientific and computational
capabilities is not an easy task.

In Singapore, Hitachi partnered with the A*STAR
Institute of High Performance Computing (IHPC) to
achieve this goal. Because of decades of experience in
materials science, photonics, engineering mechanics, and
high-performance computing, the collaboration was able
to produce an advanced simulation platform for additive
manufacturing, the “Digital Twin”, which is poised to
address a wide variety of manufacturing challenges in
L-PBF. In the following, we will proceed to describe
the platform step by step, using an impeller component

provided by Hitachi as an example. The material used is

Hitachi INCONEL 718.

3. Platform architecture

At its foundation, the simulation platform is composed
of two main components, namely, the server and the
client. The two components are connected to each other
through TCP/IP. The server component is where all
numerical calculations are performed. It is intended to
be compiled on a server-class computer, and is scalable
from workstations to supercomputers. In fact, the server
takes full advantage of the message-passing interface
(MPI) communication protocol to handle heavy workloads
in parallel. While performing the calculations, the
server also remains responsive because of the built-
in asynchronous multithreading. This implementation
has the further advantage of allowing multiple clients

to connect to the same server. Because of its focus

on numerical calculations, the server is compiled with
processor-dependent flags in order to achieve maximum
performance, and is tuned for Linux operating systems.
Intentionally, the server does not have a graphical user
interface (GUI) and is accessible only through TCP/IP.
The user interacts with the client component, which is
designed to be lightweight, portable, and focused on the
GUI. For example, the client can be installed on both
Windows and Linux computers and can run on a laptop.
This architecture allows the server and the client to
be run in different geographical locations, as well as
on cloud infrastructures. The client is built on the Qt5
framework and its rendering is entirely developed using
the VTK library.

In the following, we will illustrate the details of the
architecture by walking the reader from the beginning to

the end of the workflow.

4. Workflow demonstration for selective
laser melting of Hitachi IN718 powder

4.1 Component loading and preparation for calculations

The overall platform workflow is schematically
demonstrated in Fig. 1. User workflow begins by
connecting the client to the server through TCP/IP.
After the connection is successfully established, the user
proceeds by selecting the material model, the printer
model, and the process parameters. The choice of process
parameters is completely open to the user, and begins
with the default values used by the EOS M290 printer.

Next, the component and the support structures are
loaded. These are in the form of *.stl files, for example, as
produced by preprocessing software such as Materialise
Magics ®. The *.stl files are rendered in the first window

of the GUI, as shown in Fig. 2.

Fig.1 Overall workflow demonstrating the platform’s capabilities
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In the next step, the user proceeds by voxelizing the
*stl file domain to generate a finite element mesh, which
is used for thermal and mechanical calculations at the
part scale. Here, it is important to note that the mesh is
generated on the server side, processed, and then sent to
be displayed on the client side.

The user then proceeds to compute the scan pattern.
The scan pattern is the actual sequence of laser positions
to expose the whole component. Here, the laser exposure
is resolved at the scale of each individual stripe, but not
descending to the level of the melt pool. This choice is
intentional, and aims to reduce the computational cost
at the part scale, while retaining a sufficient degree of
simulation resolution within each layer. The scan pattern
is rendered with red lines representing the midpoint of
each stripe, as shown in Fig. 3.

The simulation is then started by clicking the ‘run’ button.

Fig.2 Component (in green) shown in the graphical user interface,
together with the support structures (in grey). The build platform is
shown in brown

Fig.3 Scan pattern (red lines) rendered on finite element mesh

4.2 Thermal calculation at part scale

The temperature field T and thermal history T (i) at the
scale of the component are computed using the thermal

solver that is implemented as a finite element (FE)
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discretization of the heat equation accounting for heat
conduction and convection:

oT
pcy, 5y =V (BVT)+ Q- he (T~ To)

Eqgq-4.2.1

This equation is solved on the domain of a voxelized
*.stl file such as shown in Fig. 3. Here, o is the
material density, ¢, is the specific heat, k is the thermal
conductivity, @ represents the internal heat source, hr is
the convection coefficient, and T« represents the ambient
temperature. In this report, the material properties of
general IN718 are used. The internal heat source Q is
described using an ellipsoidal Gaussian distribution that
resolves the scan path on the scale of a single stripe.
The heat source at each layer moves along the stripes
that are shown as red lines in Fig. 3. The finite element
mesh is assembled in a layer-by-layer fashion, where the
number of finite element layers N¥* does not necessarily
equal the number of real layers N. In fact, the ratio for
the case of the voxelized impeller in Fig. 3 is N/NFE=10.
This approximation is a necessary step in order to keep
the computational cost feasible. However, it is assured
in the simulation that the total energy used to build the
component is the same irrespective of the number of
FE layers. As the total heat Q can be described by the
equation @ = Pi, any of the parameters (laser power P,
printing time {, scan speed v) can be scaled with N/N*F to
satisfy this condition.

The finite element discretization of the heat equation
results in a transient problem described by a system of
linear differential equations that are temporally integrated
using the implicit Euler scheme, ensuring the convergence
of the solver even for large time steps. An iterative
solver is employed using the package Trilinos | Belos ® to
solve the linear system of equations that results from the
integration scheme. Iterative solvers are usually faster and
more memory efficient when dealing with large systems.

The voxelized domain consists of both the component
and the support structure. The support structure is
modelled as a solid continuum with rescaled material
properties k, ¢,, and o that homogenize its complex
lattice-like structure. Note that a solid *.sil file for the

support structure is required, as seen in Fig. 2, as the
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fine details of the otherwise lattice-like structure cannot
be currently resolved by the voxelization algorithm.

The computed temperature T (i) is stored at each time
instance for each node of the FE mesh and can be plotted
for each individual node at the end of the simulation (see
Fig. 4), allowing the user to perform a more detailed
analysis of the temperature profiles at various locations.
The complete thermal histories (temperature profiles for
all nodes) are stored in a *.wtk file that is later used for
classification purposes in which the component is divided

into regions that share a similar thermal history.

(@)

(b)

Fig.4 (a) Snapshot of thermal calculation results at part scale, midway
during the build. In this simulation, the scan pattern is resolved at the
scale of the individual scan stripe. (b) After the calculation is complete,
the user can click on each mesh node, and the corresponding
thermal history is plotted in a new window. The temperature spikes
resulting from the multiple scan passes are clearly visible.

4.3 Classification of thermal histories

It is expected that the as-printed component will exhibit
variations in grain microstructure, mechanical properties
and residual stress affected predominantly by geometrical
features (thin walls vs. bulk), the scan path, printing process
parameters, and cooling rate. While in an ideal scenario
these properties would be predicted at each node of the

finite element mesh using a much more detailed powder-scale

model, such a simulation approach would be computationally
excessively high if not impossible. Therefore, a multi-scale
approach is implemented in which the component is divided
into a smaller number of regions (classes) that share a similar
thermal history and can be treated with a single powder-
scale simulation. The properties of reference elements are
then interpolated through the entire component domain
using a weighted distance algorithm.

While previously, such an approach would require
the user to intervene and manually pick the reference
elements based on engineering judgement, the component
is now classified automatically based on the complete
thermal history that was pre-calculated from the thermal
solver in the previous step (see Fig. 3). The classification
is currently done by accounting for the time during
which each point remains above a certain temperature,
thus also taking into consideration the cooling rate. The
number of classes is user-defined. For the purpose of this
demonstration, the impeller is divided into 10 classes and
the results for the impeller are shown in Fig. 5, in which
the expected symmetrical shape can clearly be seen.

After the classification is finished, each enclosed domain
is attributed a single reference finite element with a
characteristic temperature that is passed to the lower
powder-scale simulation for a detailed analysis of the

printing process resolving the individual grains.

Fig.5 Classification results illustrating regions with similar thermal
histories. In this example, ten groups were chosen. The material in
each group is expected to exhibit a similar grain microstructure
and mechanical properties.

4.4 Powder-bed calculation

The powder-bed simulation process was coded by means
of the discrete element method (DEM) . In this approach,
the powder particles are generated from spheres to
represent three shapes: spheres, satellites (dual spheres),

and ellipsoids. The dynamics of the powder follows
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Newton's laws.

All forces, except the gravitational force, arise from
collisions among the powder particles or from collisions
between the particles and the walls/plates/blades. These
forces are computed by overlapping induced Hertz
equations ¥ 9.

As shown in Fig. 6, the powder particles are generated
at certain regions within the simulation cell (chart-a), and
freely fall onto the loading plate. Once the powder forms
a stably piled heap, the loading plate is lifted up, after
which a blade slides from the side (chart-b). Being pushed
by the blade, the powder falls down to the working plate
and forms a packed layer (chart-c). The excessive powder

is scraped aside to the trash well (chart-d).

(a) (b)

(c) (d)

Fig.6 Discrete element method (DEM) simulation of powder pouring
and spreading into a powder bead. The powder is composed of
particles with three shapes: spheres (red), satellites of dual spheres
(yellow), and ellipsoids (green).

4.5 Ray-tracing calculations

The metal material is represented by an arbitrary
surface, which consists of many finite sized rectangular
plane surfaces, i.e., meshes. The laser beam is represented
by a bundle of rays, with same size (width), wavelength,
and each ray having a starting point, incident direction,
energy, wavelength and polarization. The size (width) of
the rays should be small enough to resolve the surfaces,
which requires the number of rays to be large.

Intersection tests are performed for each ray with
all surfaces (meshes). If an intersection occurs, the
absorption and reflection, including the absorptivity,
propagation direction, and remaining energy for each
ray, are calculated between the ray and the geometry,
taking into account the incidence angle, polarization
for each incidence angle, and the optical parameters

of the material. After reflection, the ray is updated
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with a new energy, starting point, and direction. If no
intersection happens for the ray, it propagates out of
the simulation space, and is deleted from the simulation.
The intersection tests for all rays are repeated until
all of them propagate out the simulation space, or their
energies are below a threshold value and therefore can
be ignored. The ray-mesh (surface) intersections can be
treated as line-plane intersections, based on geometric

optics and the Fresnel equations.

One point to be noted is that, although the polarization
of the laser (direction of the laser electric field) is
fixed for each incidence event, the polarization of a ray
for each event is different since it is determined by
the relation between the incidence plane and the laser
polarization. The component of the laser electric field
in the incidence plane is the p-polarized part, while the
component perpendicular to the incidence plane is the
s-polarized part. Both components need to be calculated
for every reflection to compute the absorbed energy, as
the absorptivity for the two components is different.

The implementation starts with reading geometry
parameters (three vertices for each finite rectangular
plane (mesh), which have an arbitrary geometrical shape),
laser parameters (position of the spot center, spot
size, wavelength, and energy) and material parameters
(refractive index). The code next creates finite-sized
rectangular planes, i.e., meshes, to represent the
geometry, and then creates rays for the laser source.
It performs intersection tests for each ray with all
geometries. If there is an intersection, reflection and
absorption are calculated, and the data for each ray are
updated, including absorptivity, direction and position of
rays. If there is no intersection, the ray is deleted from
the simulation. The intersection tests are repeated for
all rays, until all rays are either deleted or their energy
is absorbed such that the remaining energy falls below
a threshold and can therefore be ignored. The energy
distribution is calculated for all reflection points, and
output for data processing, after which the code ends.

The method is validated by comparing with theory,
numerical studies and experiments, for laser interaction with
a flat surface and a powder bed. The parameters for the
powder are taken from previous literature on experimental

characterization or numerical studies. The powder size
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distribution is tuned to approach the experimental
conditions, so that the validation is more realistic.

For the simplest case, a laser beam incident on a flat
surface, our simulation results agree with theory exactly,
as shown in Table 1. Three materials are modelled:
stainless steel, titanium and aluminum. Simulation results
published by Lawrence Livermore National Laboratory
(LLNL) are also listed for reference '°.

Considering the AM conditions, powder particles with
different structures and composed of different materials
are tested. A Gaussian distribution of particle size is
adopted, as in the experiments at LLLNL. The distribution
of energy absorbed by the powder is shown in Fig. 7 (a).

It can be seen that the distribution is complex and non-

Fig.7 (a). Energy distribution on powder bed, with Gaussian
distribution, irradiated by a laser beam, (b) and (c) On-the-fly ray-
tracing calculation for powder-scale simulation. Here, the true energy
is calculated, and redistributed into the material as a Gaussian
energy source. The primary rays are shown as red lines, while the
secondary reflections are shown as yellow segments

uniform, and depends on the geometry and material. Thus,
the ray-tracing method was very effective for determining
the absorption distribution, which would be very difficult

with any other methods.

As seen in Table 2, our simulation results are all within
the range of experimental measurements '%, and the accuracy
is high because we include higher-order reflections as

well as an accurate calculation of the Fresnel equation. ™.

Table 1 Absorptivity of laser energy by flat surface composed of
different materials

(refr;\g?if:?ri dex) Theory Our simulation S[T_ﬂﬁ“ﬁ%? v
SS (3.27 +i 4.48) 34.15% 34.15% 34%

Ti (3.45 +i 4) 38.54% 38.54% 38%
Al (1.244 +i 10) 4.74% 4.74% 4.7%

Table 2 Absorptivity of laser energy by powder particles with Gaussian
size distribution

Material Experiment by . . Simulation by
(refractive index) LLNL [10] | Oursimulation | =/ "1 0)
SS (3.27 +i 4.48) 63-68% 66.67% 60%

Ti (3.45 +i 4) 67-72% 70.06% 65%

4.6 Powder-scale calculations

The main physical phenomena at the powder scale
are laser energy absorption, thermal transport, phase
transitions, grain growth and melt pool flow. Physical
phenomena such as thermal history, melt pool size,
keyhole size, porosity, grain size, and grain orientation,
play a very important role in the AM process and
determine the product quality '?. To perform a simulation
that captures these phenomena, Digital Twin powder-
scale modeling integrates a thermal solver, phase-
transition solver, grain solver and fluid-dynamics solver.

Laser energy absorption, thermal diffusion, thermal
radiation, solidification/fusion latent heat, and
evaporation latent heat are taken into account in the

thermal solver '¥, as given in Eq-4.6.1,

oT
e\ 5+ TVE ) =VKVT = h (T~ To)

€0 (T4_ T04) + q”ij, laser — q”ewp - d7]3 AI_II?

Eq-4.6.1

where o is the total density, c, is the heat capacity, u is

the flow velocity, k is the thermal conductivity, h is the
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convective heat transfer coefficient, ¢ is the emissivity,
o is the Stefan-Boltzmann constant, Ty is the ambient
temperature, Qs is the laser energy, q'.. is the total
evaporation latent heat, 7, is the solid order parameter
from the phase field, and AH, is the latent heat of fusion.
The terms in Eq-4.6.1 represent the total heat variation,
the heat flux due to liquid/vapor interface flow, diffusion,
surface convection, thermal radiation, laser energy,
evaporation latent heat and fusion/solidification latent
heat. The laser energy may be obtained from the laser
ray-tracing module or from the built-in Gaussian and
cylindrical models.

A phase-field model is used in the phase-transition and
grain solvers ¥ with two series of order parameters. The
first series describes the phase, e.g. solid 7, liquid #; and
vapor 7,. The second describes the grains, each initialized
with a random orientation. The total free energy F' is

given in Eq-4.6.2 - Eq-4.6.4.

NG
F=J{ g + (7°)2* Gouin + (1= 7°)2 2 (09) 2 + g} »
i=1

i=

<

Eqg-4.6.2

G =02 (=12 [ (7 -1)2+ @ (2) + (5'-1)%+ O (7)]
+(o-1)2 (- 1)2+w ) (nin’)?

iFj

Eq-4.6.3

1Y : 3%, .., NG-1
g =y 2 [ 721+ B (n)? =

i<j

Eqg-4.6.4

4 NG
God= -2 ks Vi Vi =2 k, Vi V g9

i<j i<j

Eq-4.6.5

where 7 = T/Tm, ® (r) > 1 when <1, and ® (r) = 0
when 7 > 1, and ® (r) =1 - ® (7). Here, k is the gradient
energy coefficient, w is the potential coefficient, and o is
the density. The variation of the non-conservative phase
and grain order parameters follows EQ-4.6.6, while the
variation of the conservative density follows Eq-4.6.7. M

is the temperature dependent mobility.

on _ _ . OF
o - M,

Eq-4.6.6
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Eq-4.6.7

The lattice-Boltzmann model (LBM) proposed by Fakhari

et al. ™

is used in the fluid-dynamics solver. A strategy
for projecting the phase field to the viscosity field is
applied on the basis of the continuity of the viscosity
flux. It has been shown that this model can simulate the
interface of binary fluids with moderate density ratios
with high accuracy and stability, and can significantly and
systematically reduce the parasitic current across the
interface. The LBM for simulating the interface h and
the LBM for the hydrodynamics g are defined as

(he @, D~ha (@, 1) = .,
iz T

he(x+e,0t, t+0t)=h, (¥, 1)~

Eq-4.6.8

—
s

g (X+6,0t,1+0t) =g, (%, 1) +Q, (X, 1) +F, (X, 1),
Eq-4.6.9

where h, is the phase-field distribution function in the «
direction, 7, is the phase-field relaxation time, and w, and
¢, are the weight coefficients and mesoscopic velocity set,
respectively. (), is the collision term, and F7 and F, are
force terms. More details can be obtained in Ref.

Besides the conventional forces in fluid dynamics, the
Marangoni force '® and the recoil-pressure force 7, which
are typical forces occurring during laser processing, are
also included in the Digital Twin LBM solver, as shown
in Eq-4.6.10 and Eq-4.6.11,

do
Fu=[ (Vo = V) s VT =(Vy - VT) Vnl* 5
Eq-4.6.10
i AH, T-Ty
Frec_ 0.54 Do exp( Rv T ) V?i
Eq-4.6.11

where ¢ is the surface tension, po is the ambient pressure,
AH,, is the evaporation latent heat, R, is the gas constant.
The inputs for powder-scale simulations consist of

material parameters, processing parameters, numerical
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parameters, and powder-bed and laser parameters.
The initial powder-bed conditions for each layer in the
powder-scale simulations are obtained from the powder-
bed module, and the laser energy distribution, and the
degrees of ray absorption and reflection are obtained
from the ray-tracing module. The modules are efficiently
coupled inside the Digital Twin platform.

Fig. 8 shows the Digital Twin window and simulation results
on the powder scale. After AM, a rough surface containing
grains could be observed. The color bar denotes the grain
orientation. Because of the integration of the thermal,
fluid-dynamics, solid/liquid transition, and microstructure-
evolution solvers, the model explicitly resolves the
powder, the pores, and the grain microstructure.

Fig. 9 shows a validation of the porosity predictions by
comparing with the measured porosity of 27 samples, each

produced with a different combination of laser power, scan

Fig.8 Digital Twin simulation of laser scan at the powder scale. The
integration of thermal, fluid-dynamics, solid/liquid transition, and
microstructure evolution solvers allows details concerning the
powder, pores, and grain microstructure to be resolved.

Fig.9 Validation of porosity predictions by comparison with
experimental measurements for 27 samples fabricated with different
combinations of laser power, scan speed, and hatch spacing. The
blue and red curves show the results of measurements using the
Archimedes method. The yellow curve shows the results of
measurements using two-dimensional optical microscopy. The green
curve shows the simulation results.

speed, and hatch spacing. As can be seen, the porosity
predicted by Digital Twin is in good agreement with
the measurement results obtained using the Archimedes
method '® and two-dimensional optical microscopy.

The simulation results for the influence of process

Fig.10 Influence of scan parameters on grain size and shape. (a)
microstructure computed for EOS default parameters (laser power
285 W, scan speed 0.96 m/s, hatch spacing 0.11 mm). (b) a smaller
grain size, and overall increased grain refinement, is observed using
lower energy density parameters, namely a laser power of 218W, a
scan speed of 1.2 m/s, and a hatch spacing of 0.14mm.

Fig.11 Histogram validation of computed grain size distribution
(orange bars) with experimental results for a sample extracted
from the impeller component built with Hitachi powder (blue bars).
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parameters on grain size and grain shape are shown in
Fig. 10. A validation histogram for the computed grain
size distribution by comparison with experimental results
for a sample extracted from an impeller component
fabricated using Hitachi powder is shown in Fig. 11.
The process parameters have an extraordinarily large
effect on the grain microstructure, and Digital Twin
has the ability to predict and visualize these effects by

simulation.

4.7 Solidification at subgrain scale

The microstructure produced during additive
manufacturing appears on two different length scales,
namely: a) the grain structure with a coarse length scale
and b) finer precipitates at a smaller length scale. The
columnar grain microstructure is an outcome of the
solidification process, and each grain is a collection
of cellular structures whose envelope forms the grain
boundary. The dynamics of these dendrites is addressed
in this section. Since the multicomponent alloy Inconel
718 is computationally complex to simulate, the alloy
system is modelled as a pseudo binary alloy with Nb
as one component, and with other elements used as the
second component.

The microstructural evolution during the solidification
process for the IN718 alloy is modeled using the
phase-field approach of Wang et al. . In this method,
solidification is modelled using the phase order parameter
7 and the composition variable c¢. The phase variable
takes a value of 1 for the solid phase and -1 for the
liquid phase. The composition evolution is simulated using
a supersaturation variable U with respect to the far-field

composition Ce

) b 1 ( 2k.c /coo 1
SVEN DY 1k \1+k - (1-k) 7 :

The evolution equations for the order parameter and the

U field are given by

. ~ ~ z- Vit di
a(n)|1-(1-k) I 7
=V - [W(2)*Vyl+n-n’
z- Vi

-ae (| U+

Eq-4.7.1

and
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9 ([1+(1-k)U] di
Eq-4.7.2

respectively. Besides the material parameters, the
evolution is dictated by the temperature gradient and
the solidification front velocity, which is determined
by the macroscopic process conditions. The model
uses a fixed temperature gradient approximation with
the gradient imposed only along the z direction. This
simulates directional solidification along the z axis which
is assumed to be the build direction.

The simulation is initiated with periodic boundary
conditions and with an initial alloy composition that
becomes supersaturated upon undercooling. The thermal
gradients and the solidification velocity are obtained from
the powder-scale simulation. As the liquid is undercooled,
it results in directional solidification with dendritic
cells growing along the thermal gradient direction. Since
the transformation happens rapidly, the Nb diffusivity
is modelled with finite mobility in the liquid phase and
zero mobility in the solid phase. When the liquid is
cooled below the liquidus temperature, this negligible
diffusivity in the solid results in non-equilibrium
composition partitioning at the solid-liquid interface,
and hence segregation of Nb occurs at the transformation
front. The finite diffusivity in the liquid leads to Nb
enrichment in the untransformed liquid. In Fig. 12, the
simulation was initiated with seeds, a thermal gradient
of 10° K/m, and a solidification velocity of 4 mm/s. The
figure shows the order parameter and the composition
for early and late stages of evolution. As can be seen,
the dendritic cells grow in size as a function of time.
Due the rapid transformation, the inter-dendritic region
is enriched with Nb as solidification proceeds, due to
the non-equilibrium partitioning. A typical length scale
of 0.2 pym is chosen for the computational domain with a
characteristic time scale of 4.5 X 10 s.

Equations 4.7.1-4.7.2 are solved using an explicit finite
difference method. The computations in the simulation are

performed using parallel code to speed up the calculations.
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The MPI parallel programming library was used for this
process. For a given 3D domain, the domain is partitioned
in all three directions. The input number of partitions
(nx, ny, nz) determines the size of the domain handled by
individual processors. The total number of processors
needed for the simulation is given by nx X ny X nz.

The solidification tab in the Digital Twin platform
hosts this modelling portion, together with the input
parameters. The inputs are the temperature gradient and
the solidification velocity, which can either be obtained
from the powder-scale simulation, or input manually by
the user. The composition map is then used as the input
for finer-scale microstructure processing and is coupled

to the precipitation module.

Fig.12 Three-dimensional simulation of dendritic growth during
solidification. The top panel shows the early stage and the bottom
panel shows a later stage. The left side shows the surface contours
for the dendrites. The right side shows three-dimensional images of
the Nb composition estimated using the phase-field model. The Nb
enrichment can be observed in the interdendrite regions.

4.8 Simulation of precipitates after solidification

In order to model the mechanical properties of the
AM manufactured part, it is also important to
incorporate the precipitate phases. The purpose of the
solid-state transformation module is to simulate the
evolution of precipitate phases in different regions of
the as-fabricated part. The typical length scales for
precipitate evolution are in the nanometer range.

However, the typical sizes of grain and dendritic

regions that are observed during AM are much larger,
in the range of several microns. In order to resolve
the precipitates, the module adopts the representative
volume element (RVE) approach. In order to study
precipitate evolution in different regions of the build,
RVEs are considered for typical regions of interest,
such as bulk regions, grain-boundary regions, dendritic
core regions and inter-dendritic regions. These RVEs
can have different compositions and thermal histories.
The evolution of precipitates for prescribed thermal
histories is simulated using the phase-field approach
described in detail in the Supplementary Information. To
make the model quantitative, we need material properties
specific to a given alloy system. The phase-field model is
parameterized using the CALPHAD ?” approach based on
thermodynamic as well as atomic mobility databases.

As an example, the module has been applied to simulate
precipitate evolution in the superalloy IN718. Here
we focus on the bulk RVE that represents regions
deep inside grains, and so v and y are the relevant
precipitates (0 precipitates form at grain boundaries).
A psuedo ternary Ni-Al-Nb thermodynamic model with
surrogate compositions was developed and used to
approximate the Gibbs energies for the multi-component
IN718 alloy. The atomic mobilities were obtained for
a true ternary Ni-Al-Nb alloy from the NIST mobility
database 2. The interfacial energies between the parent
and product phases were adopted from reference 2%, as
were the transformation strains. The elastic constants
were taken from reference .

The first step is to parameterize the nucleation process.
This is achieved by multiple simulations using the model
described in the Appendix. Isothermal annealing was
simulated for a range of temperatures and for different
combinations of nucleation parameters. Fig. 13 (a) shows
the simulated time-temperature-transformation (TTT)
diagram for the y' precipitates. For comparison, the
experimental TTT curves taken from references 2
(solid lines), 2® (dashed line) and ® (dotted line) are also
presented. It is clear that our simulated TTT curve is in
reasonable agreement with the curve in reference 2. The
precipitate morphologies after 10 h of annealing at 750°C
are shown in Fig. 13 (b). Here, the green precipitates are
v while the remaining are variants of .

The nucleation parameters used in calculating the TTT
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curves in Fig. 13 (a) are assumed to be valid for all
non-isothermal processes. The model is then used to
compute the continuous cooling transformation (CCT)
curves and the associated microstructures. To compute the
CCT curve, we performed simulations by decreasing the
temperature from 1,180°C to 500°C at different cooling
rates. Fig. 13 (c) shows the simulated curve and Fig. 13
(d) shows the final morphology for the slowest cooling rate
of 0.0041°C/s. This figure shows that the v precipitates
are coarse with plate-like shapes oriented along {100} type

planes, while the y precipitates are cuboidal.

(b) (d

Fig. 13 Calculated TTT diagram for y" (a) for the bulk RVE. Experimental
TTT curves are displayed for comparison. The solid line in (a)
corresponds to the combined y'+ y” curve from . The dashed line
in (a) corresponds to the combined y'+ y" curve from %, The dotted
line in (a) corresponds to the y” curve from #. The precipitate
microstructure after 10 hours of isothermal annealing at T = 750°C
is shown in (b). Calculated CCT diagrams for y" (c) for the bulk RVE.
The precipitate microstructure at the end of continuous cooling at a
rate of 0.0041°C/s (d). The microstructures are shown in the basis X
[l 1001y, Y [ [010], and Z || [001],

4.9 Homogenization of mechanical properties

The aim of homogenization is to obtain the constitute law
for a single material point that represents a polycrystal
such as shown in Fig. 8, Here, the self-consistent mean-
field approach was employed due to its computational
efficiency - the computational time in comparison to
the full-field model is reduced from tens of hours to
minutes. The self-consistent approximation is a suitable
homogenization choice that takes into consideration both the
size and shape of the grains. In this approach, each grain is
represented by an ellipsoid that best fits the actual shape
of the grain through the use of principal component analysis
(PCA). The highly elongated grain morphology along the
build direction is therefore captured by the large aspect

ratio of the principal axis of the ellipsoid.
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The homogenization problem for the polycrystal is then
simplified into a homogenization problem for ellipsoids
embedded in an infinitely large matrix, the properties
of which are iteratively searched for. The stress-strain
solutions within each inhomogeneity (grain) are obtained
through the semi-analytical Eshelby solutions.

The constitutive model for each crystal is described
using a rate-independent crystal plasticity model that is
largely motivated by reference 2. This model takes into
consideration the effect of the precipitates as well as
the Hall-Petch effect that results from the pile-up of
dislocations at grain boundaries. The homogenization scheme
computes the stress-strain curve for each grain and for the
matrix itself. The results for one particular RVE and one
loading direction are shown in Fig. 14. The bold blue line
represents the homogenized stress-strain response of the
polycrystal, and the green curves represent the stress-strain
response of each grain in the polycrystal. The Young’'s
modulus, yield stress and hardening coefficient are then

predicted and passed to the mechanical solver.

Fig.14 Statistical crystal plasticity calculation based on the
microstructure shown in Fig. 8 Using PCA, the microstructure is
post-processed into a set of ellipsoids that best fit the shape and
size of each grain. A self-consistent homogenization scheme is
then used to calculate the mechanical response of each grain, as
well as the homogenized response of the microstructure. The
green curves show the response of each grain, the blue curve
shows the self-consistent response of the microstructure, and the
black curve shows a bi-linear least squares fit.

4.10 Mechanical solver at part scale

Prediction of the residual stresses in 3D printed
components is of the utmost importance as they directly
correlate with the overall distortion and/or cracking
failures. The origin of high stress concentrators may be
attributed to geometrical features (such as sharp edges)
as well as to the sharp gradients in grain microstructure

and mechanical properties across the component.
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Mechanical simulations with varying material properties
are therefore essential for assessing the effect of both
factors in order to find viable solutions and optimize the
printing process parameters and the scan-path strategy.
Here, a thermo-mechanical analysis is performed using
the simpler inherent-strain finite element approach. The
locations of reference elements with the local material
properties computed using the lower-level powder-
scale simulations are identified from the classification
calculations described in Section 4.3. The mechanical
properties corresponding to the grain microstructure
are predicted from the mean-field self-consistent
homogenization model discussed in Section 4.9. These
include the Young’s modulus E, the Poisson ratio v, the
yield stress o, the inherent strain €™ and the hardening
coefficient h. The stress-strain curves obtained using the
homogenization model are then least-squares fitted with a
bi-linear curve that represents the elasto-plastic behavior
at the component scale. The stress ¢ and strain e fields
are derived from the displacement field u through the
simple constitutive law:

6=C: e'=C:(e-e"- ¢)

Eq-4.10.1

where €% is the elastic strain, € is the total strain tensor
;= 1/2 (Qu;/ Ox; + Ou; / Ox;) in which u = (u,, uy, w,) is
the displacement field vector and x is the position vector.
Here, C is the tensor of elastic constants, the components
of which depend on E and v, and €”is the plastic strain
tensor.

The displacement field u is solved using the same finite
element mesh as the one generated for the thermal solver
(see Fig. 3). The finite element solution is found by
minimizing the total strain energy functional W:

1
W = 7(6—5”—6"""): C:(e—gepr—gimh)

Eq-4.10.2

Minimization of this functional (within the FE
framework) leads to a system of linear equations Ku = F,
where K is the global stiffness matrix and F is the global
vector of nodal forces.

The finite element mesh in the simulation is assembled

in a layer-by-layer fashion. A snapshot of the simulation

is presented in Fig. 15, which shows (in (@) panel) the
displacement field u, component midway through the
build and (in (b) panel) the overall deformation of the
fabricated component at the end of the simulation, where

the colors represent the norm of the displacement field

[u|=y/u+u+ul.

The deformation of the component in Fig. 15 is purposely
magnified forty times in order to better visualize the
bulging of the impeller edges. It can be seen that the
support structure that is shown as transparent is more
compliant. Here, the support structure is modeled as a
solid continuum (without resolving its complex lattice-
like structure) with the material properties, specifically
stiffness, scaled down by a user-defined factor.

The computed fields that can be visually outputted and
analyzed from this simulation include the displacement
(u;), the stress (0;), the total strain (g;), and the equivalent

plastic strain é&°.

(a)

(b)

Fig. 15 Mechanical calculation of component distortion and residual
stress at part scale. The calculation utilizes the mechanical
properties computed by the homogenization scheme, and the
intrinsic strain from thermal cooling. (a) displacement field midway
through the build, together with the original component and
support structures. (b) final distorted shape magnified forty times,
showing large deformation of the support structures, as well as
forward bending of the impeller sides.
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5. Conclusions

In conclusion, we have developed a truly integrated
multiscale simulation platform for powder-bed fusion
additive manufacturing which addresses the thermal
history at the part scale, classification in key
regions, melt-pool dynamics, explicit pore resolution,
microstructure, solidification, precipitates, mechanical
properties, distortion and residual stresses. Through this
integration, the platform is able to address challenges
beyond individual length or time scales, such as how
the thermal history at the part scale influences the
local mechanical properties. As we continue our fruitful
collaboration with Hitachi, we are eager to apply the
Digital Twin platform to a variety of industrial problems,

and support Hitachi's business growth.
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L—Y—RISATRBICKVHEEEEZHBEL/ZFeE7EILT7 7 A&§% MaDC-A™
(Magnetic Domain Controlled-Amorphous Alloys: ¥— Ky o I—) ZR%¥L /=
MaDC-A #EmZ2RLVE#Hk DI, —BHMOFERRRFEZ#HIFL DD, BRZEYICHSELEES
CETHRENZEMEEY, BALBORITRATHS Fe E7EILT 7 AG2EF Metglas”
2605HB1M ZFRUW =g/ DICEHAN 30%Z2 B A 5 #%BERZEBR L/z. MaDC-A |3, BEERZE
BOHOMBELT, TOEMELEKICKELLTESEL, AIRILF—PHEKERERILELER ERIES
FHERICEM TZE2LEAON D,

A new Fe-based amorphous alloy, MaDC-A™ (Magnetic Domain Controlled - Amorphous
Alloys) has been developed by controlling the magnetic domain structure using a laser
scribing technique. The iron loss is reduced by over 30% in a MaDC-A core compared with
that of conventional Fe-based amorphous alloy cores maintaining low exciting power. MaDC-A
is suitable for highly energy efficient distribution transformers and will contribute to energy

savings.

® Key Words : %X, Ki8K, FeET7ENLT 752

@ Production Code : MaDC-A™

1. #

il

HERIRBALE R & LT COx BRI EHIEA KD 51T
D, BEMAZHERICENTEE T I T — (LR ORE
Lo TC0%, HATE, Ehattmmy 2k < AZHESR
BEXOE—I FEERITR LT LR 52 9 22 BUK 235
woh, Ihbid by 77UV F—FESREFETITh T\,
HARAKETOLESEBEE LT, BAD Ny 7T V) —
HBiRE (JIS C4304 : 2013 % K UFJIS C4306 : 2013), K[H
® DOE #if% (US Department of Energy 10 CFR Part
431.196), EU 4% (Commission Regulation(EU)
No.548/2014), [ [E Z % (GB20052-2013), 1 ~ N M
& (IS 1180 (Part 1) :2014) %43 0, EHIRIZ T AL F —
NP ERRACT 2 HIANCEE S h, T ORMBISES T
BACHHR LGOI OB KD 5T s Y,

Fe J£7 L7 7 26813, MBS ME 720,
PRI T IR L 0 F L < /hE v n s Rk a #
b, Bl HZE & QT T (RGP S BER AT HR) % /)N
I Tx 3V Y, BEEEHHASOLE L TOFe 7 €
N7 7 ZEad, 1980 HFAUUITKENZ I T Metglas®™
ORFEETREm L X, T DM & §OIC W 72 BdEE HZE
A OFER M E > 7=, H.EETIX, 2020 FBIE,
HICEUR U 72 Metglas2605SA1 (LLT, 2605SA1 & BEFR),

24| BII&BEH® Vol.37(2021)

@® R&D Stage : Mass production

X O IZRURIE H S % =8 72 Metglas2605HBIM (BT,
2605HBIM & WEFR) #REL T V29 FICEEN
EIEROSOMR E LT XA T 5,
BEHAIERICHWO NS Fe k7 ELT 7 2ZH5E0D
P, v 270 Y AR B K OCWMEREA» 5K D,
WEREES LS EE 5D S, Fe &7 ELT 7 2454
OWFEIZ 25 nm FERE & 720, o BRI i fR o 13 de
HTEBIFENEL, ZORIBPIIBEXME ZHKK T
REERRATH B Y, ZOHMZ, Felk7ELT 7
AGE&TIE, ZEGHRISET 2 K5 ICHAhELEE L
T OFER RIS EE S L Th2EDT, MIXIEA
KEWZD, R TG & 72350 I BERE O RSBl A
KELBLBH256TH 5, ZOEEMBIHELELKINT 5
2D, X AT ZEnARTHD, ThET
Fe k7 B 7 7 2/ &ML —HF— 227 54 T %
fid Z LT, WXAEMSL, SHEEEKRKL &0 #
mERENTBE2 Y O DREFIZIEE > Tk,
AR, RAREETTRE AR L2V —F =2
T A TREZ X D REIX & b & B 72, MaDC-A™ Ry
OREX G & $6E, B OBRIZOWTIRNS, 72,
MaDC-A i & W - iLEB A& H O € 7L ESL DR
il % 17 > 72 A RIZ O W T W 5,



2. Fe&ET7ENT 7 ASEFEFOHE LHEEE

21 BITR&ICH T 2HEEEE £ DOFEE

Fe 57 ®N 7 7 Z5& MM, —ARMICH T — Lk
BB EEh s EAAERIc kDG hTnwE Y,
AREETIE, HERIZ ) L6 —ERDEMEIEE
M — L RmMZEH452 T, TELT 7 AREER
P56 ND, ZOR, BEEEEE 10° K/sec ML ISR
We5I LT, MMmOBER - KEEIHIL, RSk
w52 b Tn5,

R, Mo - LR SmEic K0 ER I Fe
TELT 7 AREEmONEEER T, AT
25 um, FEUEDE I 142 mm, 170 mm 5 &£ 213 mm TH 3,

K22, Ho—- L EksumBic K0 fER S h28irE
PEN T db % 2605HBIM i o H HH I (HE v — Lk 2
LT A BLE T A0, WmAlT —UITER U O A )
DERMEHEERT,

Z O O B N 3 H AR O A — 7 M A8 kR 23
KEh T3 9, ZoRIEXoM I tEziH-T, &
WL & B IR DR IR ) OIS IRE)NC & DI &
728D Th 5,

K3, Xy —2REMHEL TR L =, H@FOR
FH AN O R P BV 0 2605HB1M A DOH IR E
2B B EIX RS E E AR,

1 FeET7ENT 7 RELES (ATHRE : 25 um, 1Z2418 1 142 mm,
170 mm $ £ U 213 mm)

Fig.1 Fe-based amorphous alloy strips (nominal thickness: 25 pm,
standard widths: 142 mm, 170 mm, 213 mm)
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Fig.3 Magneto-optical Kerr effect image of 2605HB1M strip after
magnetic field annealing (demagnetized state)
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regions of free surface of Fe-based amorphous alloy strip
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GMR-IC Application to Rotational Speed Sensor for Turbocharger Over-Rotation Detection

Liv N

Takashi Onimoto

BBERX—FRF v —2 v —ODBEEGRHAIC GMR-IC ZB\\ /=Rffi L EERE > Y — 2%
L. a>7Ly o —RIOMREERT Y bZEREAICL, GMR-IC ZRAVWTZORBZRIMNT %
BRELED, Ty e+ 7 MIRUMITIZERBLTLES ZEDS GMR HFFICE S HRE
EARE LVREERMDB TELWIEDPDTD o7z, I T, TV bOBHAEEREFL, >+ 7k
ICEW I RICER T B ET, BBEOTEZEL, GMRZFFCHEEDRMAIEELS T
EERUELE ARELEEY—ICKY, E—KRKFr—r—ZRRETHEATHIEDFTREER
V), BEBEOREMEICHEFETESRABLIRON.

A E"

Kei Kawano

Authors have developed a low-cost rotation-speed sensor using GMR-IC for over-rotation
detection in vehicle turbochargers. In this design, the nut that secures the blade on the
compressor side is magnetized, and GMR-IC is used to detect the rotation speed. However, when
the nut is attached to the shaft, the magnetic flux density that reaches the GMR probe is
insufficient and the rotation speed cannot be detected. Therefore, authors reexamined the
magnetization method for the nut, and magnetized it only after it was attached to the shaft,

¢ ATeEHtai thereby eliminating the influence of demagnetization. This allowed the rotation speed to be

HERERRM SR AR

Advanced Components and Materials
Division, Hitachi Metals, Ltd.

detected by the GMR probe. Using the developed sensor, it is possible to expand the turbocharger
performance to the limit, which will contribute to improved automotive fuel efficiency.

® Key Words : @#z®Et % —, +v b, #WE
@® R&D Stage : Prototype
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Fig.1 Schematic illustrating attached eddy current sensor
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24 BWAICOVWT
WA v bOBIRER 6 128,

D =11.49 mm
13.49 mm
15.49 mm

v4

K6 #WAaSTvbH
Fig.6 Magnetic nut

A=K RKRELLDZLT v PERRELS L7203
TR TRl & 170, SRR 2 B T L 7=, 4
DOMEHEEIZOWTER VIR T, F v MERO LS
DM H XAV LT 254 b TN 728 Fe-Cr-Co
EXEE L7z, Fe-Cr-Co 38R DMA L > TH DM LM
N P EYEDOTIE S b D, F IR AR Br 8
*1 HWAEMEOETE

Table 1 Selection of magnet material
O Excellent A :Limited X :Poor

Nut | Residual magnetic Post Coercive force
form | flux density Br (T) | magnetization (kA/m)
FeCrCo O 1.3~ 1.44 O 42 ~ 54
Neodymium X 1.12~1.48 AN 835~ 1,122
Ferrite X 0.38 ~0.48 O 262 ~ 382

B—RF v —T v —BREERMAREGRt > —A0O GMR-IC #fA%a

KELMEREMEHEN TS, L2 Lo XD IR
WA 72D oD T L 50 K 5 HE 82
HWTwd,

25 Y-k

YV —BIRER 7 1278, GMR-IC #1425 E
Ltyy—1%id¢ 12 mm & L, /MMIx — K TEHFHTX
5 & ahostikEhE L L,

(2357

(12 mm)

\%\m

7 YR
Fig.7 Sensor shape

3. GMR-ICRXtY—H3%#

3.1 HEBRRE

FIZE HEREE OER A L 2 6 LI2Tade L7z,

@ W MR 2 30 77 rpm PAE

@ BAEEEE: 35 mm AL (¥ v 7 Fohors vy —
& T O

3.2 GMR-IC OEEERET

FPWRY I 2V =¥ 3 VATORET SO %17 -
oo Y32 =Y 3 VY —LIZIMAG AL, AR
REEFH O REF IS X0 &7 572, ¥ 32—
3 YOZMZFALE L GMR-IC Z sz Lz & &
&I VTSN L 72 & & ORAIFEEED ik %47 5 72,

O GMR-IC % 2.2 HTEAZ IC #RTORNR L Lz,
GMR-IC OREE (L Z W) 13/ X WREHRE I D251k
LRATE S LOER AT, 0.065 mTp-p (E—
7 - ¥ —1il),

@ & vy —JHHIEZER

vy 7 -ty y -k TOMNEEA 35 mm &9 5,
Z OO GMR Z 7 E (K5 (c)) & GMR probe
®7 36.6 mm, GMR probe @& ® & DOFEHEZE 1.75 mm
&L ThET,
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321 Y3alL—Ya iR (E&EHE)

M7 GMR-IC Z s ¢ 2Dy I 2L —
Va VEERAERIBITRT, Yy 7 FOHLILE LYY=
35 mm BN 72T EIZ BT D GMR £ 0 24 B R %S
(3 0.036 mTp-p. A#AITTA T IC DIESEE 0.065 mTp-p
K0 G EFREHREE AN ST DRAIT E 20,

0.30
= 025
£ 020 GMR probe® %
= O Threshold
£ 010 0.065 mTp-p
$ 005 _
S oK ¥TT—— _—
2 -005
o -0.10 \
T 015 @-®
W -0.20 GMR probe@
> 025

-0.30

0 90 180 270 360
Angle (° )

M8 ®MRYIail—ar (E&HAR)
Fig.8 Magnetic simulation (direction of rotation)

322 YIalb—Ya B (ZP7IVEME)

7 V7 VJFIANS GMR-IC ### X 2D Y 3 2L —
Va VEERERIIIRT, Y X 7 FOHLA2L Yy —
2335 mm @ A7z A7 IS I 0 B 2 E O % 1S 0.067
mTp-p. 1C DREJE 0.065 mTp-p Z#8 2 Tk D MATARE &
5%, \lfn gk 0 AEREEAEC, B O BAIREE %
IV TTELRIARD D 520K THRET 2D 5
Zebl, LALBRAZRBLZEZ A, 35 mm DR
HECRAMTE 572,

0.30

025 @
£ o020 Q
> 015 | Threshold
% 0.10 | 0.065 mTp-p
é 0.05
X 0.00
2 005
g 010
g Qi GMR probe® @'@
® 020
S 025 GMR probe®

-0.30

0 90 180 270 360

Angle (° )
M9 HWRYIal—Yar(3YV7LAER)
Fig.9 Magnetic simulation (radial direction)
33 ERE &K

VIalb—V g VORE»SEFRAHREENKE S HL
ND T VT ISFARMNIZYID 7258 35 mm OMAIPERECI
PHFHIR TE 2N &R h o7z, ZORKEFAL
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72 ZAMADBREEN TR > TNBEZ e gh oz,
B L7z Fe-Cr-Co TR TI N /N W2 &lE

x 7 MIEDANF B EWET A Z e 5Tz, 2T
Ty v 7 MZF oy b AED T 72 O S A\ D g2

EHABELZ, Ty FPHAK - v 7 P AR T 7ZIRET
DA OMEAER %R 10 12789, Mfid - v F O
WEEEZRNT, Ty &2y 7 MCHOT2EH 9 b
HARD 172 L P OBHREE I A>T L XS, HEBE
RIZHM X 25 Z MO RKE K >TWEZ END
BEPERIZ T v b & & 25, 2% B U
PIZENEDTEENNEEL, ZZTFy M ady

ZHLD Y 72 8 5 0 U RS A L 7=
MERAR 1011 Y, Ty FEEICH U SR EE I3 &<
%509 8 BIFEE OWHBE SR oD T EWnnn -z,

Z 2T, BEMOMKEE DT — 4 & HWEEOHD
T IRREZ BT 2720 7L I D v Il i 7=
MRRETHKY I 2V —Ya VEEML -, 7850
ELTaAt sy AFAKD 4 —KANOTH A< 720, £V
—FEETIE AL 10° HF2Z k72720 FD5%
Pl 7z, B ISHER 2789, Mtdidt s -0
M TTRE A HEEE (o DX Y 2 =6 & V¥ =) %

Magnetizing nut

Magnetizing nut with shaft attached

Magnetic flux density (mT)
)

@1 1.49 mm

t=6.1 mm

Magnetizing nut + Shaft

25 26 27 28 29 30 31 32 33 34 35
Distance from the nut center (mm)

10 Y+ 7 MR FHCE BHWREE
Fig. 10 Demagnetization due to shaft installation
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Fig.11 Simulation results



ANY, 1149 mm O F v b TE HERAER 2 #EKTET
W3 Z Wl

3.4 HERER
12 1A 2 &G L 72 & 2 OMEREERT,
D307 rpm 23 LALACHIERTRE Zc Ald5HE 21 77 rpm
F Tl A FE L HEEAME L TS Z el L7z,
@F v POKREIAEKELSLTOL Z & THRATRHEE%
BT 65 Z AR TE 7=,

58 —— D:11.49 mm
56 D —A— D:/13.49 mm
54 —@— D:15.49 mm

Detectable distance (mm)
Y
N b
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% W
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34
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12 HEBRER
Fig.12 Test results
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GMR-IC % F\\/= &4 — R AEs# &~ 3 — O %17

WL FOfERE 1572,
O GMR-IC % Flv 7z [alfigd & > 4 — 12 & 0 [Bl#sEHl o
FHPEA R Z 72,

@avrryH—floriLIOMREEHF v %2
Mg aiZ L, Zohliis GMR-IC THREITSZ & T
A5k 21 7 rpm CHRAIFEEE 35 mm PA_E o> AldxsE
MAHEE 25T\ 5B,

72, YIalb—vavEh [BYEHE 30T rpm TH
KRk 35 mm DL_EOREREH A[HETH 5 .

® GMR-IC ThlfsiAIc& 5 2 &, WERIUIATL
INICRM A REEIZ T 22 ENTE, L — R
2o KM — R E TS 55,
SIOBTMIE, vy —EADHEAZIAT TS
BAIMEEAR Z 2D, 4 —FRPUANADOL A 7 b K
5 ORI IS5 Z LA RETH 5.

B—RF v —T v —BREERMAREGRt > —A0O GMR-IC #fA%a
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Development of High-Strength Ti-Free Maraging Steel

AT BE ERERERTREOSEAL MNCERENSBRED TIi 7U—INI—IY IRERRT S

Katsuhiko Oishi ZEEBMIC, BhABBOREEERT 200G RHE, MR LASSORLBRHYE, MWK

LR T S KO AT L, Ti 70 —LICES BEETEH5 20 S HBIATS S

Shinsuke Sasabe NisMo DK Z{Etd S Mo, Co DFRMEDIENHIEMN THHZEZASMICL, BHREEIS

Bl S FHAIC 20 nm ~ 30 nm Y1 XOMA%L NisMo 4 NiAI BEHET 52 & THRITHEY S

Hiroshi Shibasaki BOBUEEEEE L, &5ICHBAMRTHD Al H&U Cr &FNT 52 & TRILLEH TR
ThBHTLERRLE.

In order to develop Ti-free maraging steels with superior mechanical properties for use in
metal belts for continuously variable transmission systems, the alloy design concept was first
studied. Prototype steels were then produced with different alloy compositions, and subjected
to different heat treatments. The mechanical and nitriding properties of the resulting specimens
were then experimentally investigated. The results indicated that increasing the Mo and Co
content led to high strength after heat treatment due to the formation of a high density of fine

¢ ATeEHtai Ni;Mo precipitates. Consequently, a new Ti-free maraging steel containing both NizMo and NiAl

ERMHBRRE phases with sizes of 20 to 30 nm was developed, and it was found that it could be readily
Advanced Metals Division, . ) ) . .
Hitachi Metals, Ltd. nitrided because it contained nitride forming elements such as Cr and Al.
@ Key Words : v IVI—Y > J8, Ti7U—, CVI NIk
@ R&D Stage : Research
1. B8

NEBEEAY (NisTi, NisMo) (2 Xk 2k & ik &
2000 UK D HBERHAE O BREEEO O & D & L Tl L7230 ThHBZ bl DEEILEVPBME TN
Ldfl 2mhEn, AEFHEOMRE N AR KD 5T 5h, ZORTRICEILIZE G % Ti3IERE IS %0T
%, 2Ok S ME RO TS, HH) M2 RTHD, EHITNRPC LG L THEOIESENIED
(CVT: Continuously Variable Transmission) &, #AZA I Td 5t (TiN) R RE/ (Ti (C, N)) #EK L,
CHKT 2 225, EIRZHDICIASELL TS, T B A IO E BB -OlEE k> Twd,
CBUES K LTS CVT BEE~L b RTh B2, &F HiZ & clid, MEOwEkIZ LD 2 OISR Em o
~LME, B ISRT &9, RElo Vs g ofEn
ML X b e, FRAEMMA S PRALHT 5 2 #l0 10 Pulley
KRR DN Z F — L)L b TRHIASLTHEN TS Y
AF =R MZHWS NS MEHE, M L T,
SALME, 5@ @WEITRErERE T3 25w
LI =Dy TR EhTn5, vLZ—2 v 7% Steel belt
P Y23y Y a YOREEME L THC 54, A8 \
HOMHER» S B &2 10° MO X4 2 7 ZDHEER L
ISHTDMBHIA G- 2 5 5, JEHREEZ A SN Tz 107
B2 IS TR L 2 W BPRHZ B W TR F 44 4 7 LI Element
TIEIMB ORI L U2z EEs 2 5 2 & B1  EREEEESEA OB
RHEINTNWB Y, v — D v 7Hilid % oA Fig.1 Schematic illustration of metal belt for CVT
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YA XA E 5 K D IS4 5 il 4 il
MLTWEY, E6ubmEmmElLEERTL-0ICIET
D& BRIV OEKERSIEE 55, 2 ORE% fi#
W 272012132 b d 5 IR EHETER L 0 Ti
7YV AL =B EHE BV ETH S, TOHREITHLT
By &g, Ti7) -~ —Y V7o Alloy BV Y —
2B &V Alloy C &3 TICHHFEL TS, ZORERN LI
PRI L, 7 OALSERLE A & B B KON LR i
WEhs ez ohsm{tiHER11I8T Y, Alloy B >
) — 2% Co RNNE 2 KIFIZIKIK L 726 DT, Ti 7V —
LIPS BB T 2 ALRINC KO- 7-8TH 0, AlR
MR & 0 B K UE A G4 2 Z L A HHETdH B, Alloy
Cid, Ti 7V — LIPS (KT & Co iRMEDEEIT
fili>7=8TH 0, FZ Colzk B Mo AT HHIOMT HIEHE
REFMALZEDTHS, LrL, HEBENPFEL
72Ti 7V —=~vILIT—U YOl & OKEL Ti %

ERETI 7)—<II—- MO

PHCEBLL, Zh 6 ORNERED & Hi a0 3 v
T EERL, TOMREL LI, FroEamRL,
FFOBVUBERE 2 5P U 7265 R 2 SR 2 EE L, %
DRI O BIZ & BRI DV TR L 72,

2.1 #HEM

M I H LS IEBTH O Alloy A & HY.&E Ti 7
) —#D Alloy BB LU ZD Al &%t 728D, %
LTCAlloy CTHb, Z15DFNIIEZBEMRIFIZL DA
LU, 10 kg DOFERIABY 2 1572, FEBRIMBII Z BB g0 2 )i L,
Wri 23 20 mm X 90 mm & 7 B s #4F8lL 7=, &2
VAR DA BRI 0 bT U 2 L2k 2 R 97, 3R AR
BRI 80EM 2 58 X 2.0 mm XfE 33 mm X & X 100 mm
DR EYID L, WRELE & KRFFH U & % 850C
T1 h O LBESE A DR L T0.18 mm JE X IZFRL,
Z D%, SAEOEMUPRHE % 5 L 72,

GUBUTH (Alloy A) KISTH Y, 5% 5 EfiE (b —
T LR AR 5 2 L AP E B,

7 ZCABIRTIE, B R O S E L |
I NEERED Ti 7)) —v LT — 2 v 7§l % B%
$ 37 LA, BRIV T 2 OB
7 B B BRI ESE & BT B 20 OB S Rti & 175 TP e———"
FEREUTH B ARIL, 20% BELEEED -
SULPIEPE, BERRAITEE D & OVSR(LE b A SR L 7= (New Steeisy

(New steels)

Evaluation of heat treatment and selection of development steel
(Solution and aging treatment)

Evaluation of developed steel
(Microstructure and nitriding properties)

Steel making
(Conventional and developed steels)

Evaluation of heat treatment
(Solution and aging treatment)

2. XKEBFE

AffRTCER2 D79 —F v — MIRT LRI TR
EHEHEL 72, £9, CVT XU FHOVILI = v Sl
DN, FEFMR H & @a L IC BT U 72 B ¥ 4 52k

K2 MRIZOZ7O-Fv—h
Fig.2 Flow chart of research process

K1 BESSURRLAEYILI-—VCJHEOLFMEK & Z DL
Table 1 Chemical compositions and strengthening phases of conventional and developed maraging steels

(mass%)
Steels Ni Mo Co Cr Ti Al Fe Intermetallic compound in matrix | Nitride in nitride surface layer
Alloy A | Conventional steel | 18.7 5.0 9.0 - 0.5 0.1 Balance NisTi, NisMo TiN
Alloy B| Developed steel 19.0 5.0 5 1 — 0.8-1.5 | Balance NizMo, NiAl AIN, CrN
Alloy C| Developed steel 19.0 5.0 125 [0.5-1.0 — — Balance NisMo CrN
x2 HEMOILFEMHERK
Table 2 Chemical compositions of steels studied (mass%)
Steels Ni Mo Co Cr Ti Al Fe
Alloy A Conventional steel 18.53 5.01 9.20 <0.01 0.48 0.10 Balance
Alloy B Developed steel 1.8%Al 19.15 4.90 5.03 0.98 <0.01 1.82 Balance
Alloy B Developed steel 1.5%Al 19.13 4.93 5.09 0.99 <0.01 1.51 Balance
Alloy B Developed steel 1.2%Al 19.07 4,94 5.06 0.99 <0.01 1.21 Balance
Alloy B Developed steel 0.9%Al 19.08 494 5.04 1.00 <0.01 0.89 Balance
Alloy B Developed steel 0.6%Al 19.05 4.96 5.01 0.99 <0.01 0.61 Balance
Alloy C Developed steel 19.00 5.01 12.52 0.53 <0.01 0.01 Balance
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22 FLIBYFE

AWFFE T I3 AE 4 DA CALBREE 12 35 2 il & 2
¥ 5 Z & CHEE AR (BALRiE) Z2Rlid5 & & 8
12, M ORERRRE, KEICkT M 2lETS I L
TIRFRDBEALRE 2 FFA U 720 VAL ALBRIZ AR R TR I S
T 1,000C, 950C, 900C, 850°C, 800°C ¥ & U 750C
T1 hfRfEE, Bum L7z, RRDEILRE O EA LA %
o721, 713 FEMHT520C, 500CH KU 480°C
T1h, 3h, 5h, 8hfRFFLEWM L7z, MEZHIER, ¥y
71— ARERERT & - T 0.5 kgf ICTHIEZ T 72, Z&
¥, HRISRT 200 kg SBLA SR 72588 12D\ TS,
F R R O REAL 25 B) & SIS HERR 3 5 72, ik L 721k
FHREENCINA, 0.17 h, 0.5 h fRFez BN L CTRHl L 72,

23 HEE&DE&iET EFH
MOEOGERENE, SEaAM O BB 2 5 3 %
RBTE720DA DA LERGEL, BN RE D
LUZFREL 72, B, v T — UV O LK T
FIERNEVLEE T L 3 BEmREbachd b, Zhoo
MiHIRTE CHREARMENZA T H Z &6, RIFRTIEH
vl —o v riosEEta YIS H Lz,

24 FEFERMOMMBMEEERS & EEHE T

Bl FEAA 1 Z D ARAL KA & TEGR 5 5 72 80 I Tl ML A %
&, CVT L b & UTOMH 0 U TR 2 Gl
U 7= DO AH i 8 258 12 1300% i Y R - BH B Bt (TEM:
Transmission Electron Microscope) &, Z{LFHEE, 4
JRARRBISR O, FEIRAVRFIE OB X S AmElE, 51RRER
% il L 72

AR B Z2E, 0.4 mm JE DK% 900CT1 hd
[ AL J5 KO8 480°C T 2 h D IFRHALEE % Jila U 72 4,
0.1 mmJZ 2% 5 &5 ITHMBIE 21170, A4 I
TMTIZ & 0 BRI 2 FR L 72, 2Ok, TEMIZT
RO 2 B2 L 72

ARG, 0.4 mm JE DA% 900CT1 hd
FEYACALEE R LUV 480C T2 h ORERMLEREZKE L, filo
T/SUILAEE U 72912 480°C T 1 h O H 2B L& 4T 7=,
Z D%, VMR TSEARELE, o amillE, 50%
iR 2 2 L 7=,

eSS, TEESF ST THD, BN
Lig & 7z B maEsm e 7 5 & 5 1R 2170, §E
M % i L 72 mAlgiad, SurliBissmic -
A2 =i, OO OBE ISR 2 ) v
We7 L2 — e W TRIS I Z R L, L«
VTR L 7=,
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B & A HlE L, RIEE &, NEREE X, Kl & O X 57
A Bl U7z, Rl S Pz fllEme L, ey -2
WEEEGT & FVCfar e 0.1 kgf Talli L 7=, NERRE 213, &8
B Uz & A C < (e ot i %, ¥y i — A
A& IO TR 0.3 kef Caili L 72, A & OIS 57013,
S{Linm oL £ib» 5 0.01 mm, 0.015 mm, 0.02 mm,
0.025 mm, 0.03 mm, 0.035 mm, 0.04 mm, 0.05 mm {3/ & %,
Yy J1— ZAREREET A& FV T EE 0.05 kef TR L 7=,

AlakiAER L, 2EH 100 mm, TEAY 25 mm, “FEITaElED
20 mm, FEFREEAY 20 mm, “PATERIEAY 5 mm ORERF %
VY, FI9REE D 2 mm/min & 75 K5 I2HE £ T2
J&CRBR A FEHE L 72, BABRIE 3 ARTFEREL, 0.2% M1, 5l
ERE, OO Z N TN OB RO & L7z,

3. REER

3.1 EBR{ERIBFEE S K UBFRhEFE

R3IcKf~v LT — D v Z#Of < I12k XX FEEL
JUPRIE DB A R T, EACAR R oM 13, [EE1L
VPR E O SR ISENVE T 3%, 2 AUEAREE THRAT
LT 7 M W o [ 5 AR O RIS R L 7
ZLICEETIHRLTH S, RHE AT 5 EEL
UPRIRRE L, M MEIE EEE AR EKOIRED
900C & L, RFEEIIZ 1 h & L7z, ZHIEfSskED
MELREEWRT57-0TH %,

X 4 IO~ IL T — Y v 7 o mhi bR 2 51,
IR AL AR L 242 U X 8T BT RO E VIS &
D E 7 52%E) %778, NisMo DA% F 72 2 5L & 4
% Alloy Cl&, A F 4 TH i L 7= % i & 520 C,
500C, 480°COE&MIZH T, 1 hORFTY — ok
ENL, ZO%, RERRFEFER ORI AT

) —e—Alloy A —e—Alloy B 1.8AI
—=—Alloy B 1.5Al Alloy B 1.2Al

370 O—Alloy B0.9AI  ---Alloy B 0.6Al
-<O-Alloy C
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3 EBRERECHSIELIOEL
Fig.3 Change in hardness with solution temperature



T3, ZOMEAIZERENSESIZEHETH D, —
J5 T NisMo MIZ Il 2, NiAlAMHZ 72 55k E 4 3
Alloy B ¥ ) — &, WERDERIFIERA O HG N R & A3
. ZOMEANE, EEESAMVCIZETEETH D, —F
TREhIE O Al I & UMK AT AR P IR AN C i
X A/Rd, E72, NisMo MIZHMIA, NisTitH% 3723
LM & ¢ 2 BEAEH1 D Alloy A OENIL%81X, Alloy B
V) = 2O Al MER CEEZR L, KRR O iRk
RO Y — 2l & 235 5 4 B IRFF IR 2V RN o
b3, FHvILI -V Y ZSHOBENUEETHE S h Sk
X T & R 480°C T Alloy A #8584 HV,
Alloy B ¥) — 2D Al (1.8%Al) #42° 607 HV, Alloy C
2559 HV Th b, —HT, ¥—2MHINELN5 M0
N, Sl TARE < RE->Thh, BLHIZL-T
Mt 268 n a5 Z L HURIEX NS,

32 WII—T 2 THROBEBDOIHEE)

B~ LT — 2 v oL T, Bk A
U & T 5 e & 0 g ORISR F5 & OVl
BRI IRGIE MR T E 528, WEhoMtEtiEicks
W IRFRDIEE] 1 h TRECIRERDRE(L & FRAG L T 2 &,
F 7z, HrifiiE bR & O RERDIER O BRGNS fF 5 il & D%
FIERRDENE N6, ZEVILI—-V YV IH#O
RFh AL AR D 25102, i Y AR AL 0D i =5 X0 LR AL
HEOBENIREIR L7280 THEEELOND,

&2 AT, MO EERE L, —Aicko 1) T
FEh, ERED, WA (xo-x) IZKE S EHT 5,

—e— Alloy A = Alloy B 1.5Al
—— Alloy B 1.8Al

o Alloy B 0.9A1 -+ AlloyC
Alloy B 1.2A1 -+ Alloy B 0.6Al

(a) (b)
650

ERETI 7)—<II—- MO

1
d’f >

W:Kl‘ (1)
D
ey

~

(Xo — X1)

K:

[ (x2 — x0) (x2 — x1) ]%

v MO Z &, ¢ I, D WEUCROILEEREL
xo  ATIAHOUREE, xi 2 At 7 RERR S O %
X0 * BB ORI

v I —V Yo, wThd Ni &faLE
ESEMLAMTH D, WM hsEEEILAMOAETT
FZTHD Mo, Al, TIIZR2ITIRT LTS HIZNI &
DELETH D, Friti G % &L IaZE B IR B3R D
H TR I EY, & 2 W3 EICRDO LRI X
NbdZLn»6ZZ T NisMo M, NiAlAH, NisTif% %
NZNHEK T % Mo, Al, TiDa (754 ) -Fe iz
B BIEURBD # koD (2) XV % LIZHiRL 72,

D = Dyexp —( % ) (2)

D : IREPEIA 1, Q : WML FL ¥ —
R : 8.314 J/mol, T : AxhiE

Bk, FHEIZHW S BT RO KRB F D, & AL
I 3 F — QI Z N FH Mob Dp=251 X 10* m¥/s,
Q =323.582 X 10° J/mol, Al %' D=44.00 X 10* m%/s,
Q =184.186 X 10° J/mol, Ti A" D¢=0.15 X 10* m?/s,
Q=251.163 X 10° J/mol T& % ¥, Wb 500°C 2%
3 RICEDIEEFREIE, Mo 2% 3.65 X 10 m¥/s, Al
1.55 X 10 m%/s, Ti?%4.26 X 10% m%/s TH D, HiK
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Fig.4 Change in hardness with aging time (a) aging time at 520°C, (b) aging time at 500°C, and (c) aging time at 480°C
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Table 4 Chemical compositions of newly developed steels
(mass%)

Steels Ni Mo Co Cr Ti Al Fe

Alloy D | 19.00 | 6.40 9.20 1.00 — 1.00 | Balance
Alloy E| 19.00 | 5.00 | 10.50 1.00 — 1.50 | Balance
Alloy F | 19.00 | 5.00 | 13.00 1.00 — 1.00 | Balance
Alloy G| 19.00 | 5.70 | 10.00 1.00 — 1.20 | Balance
Alloy H| 19.00 | 6.00 8.00 1.00 — 1.50 | Balance

Table 3 Al content needed for 600 HV hardness following 1 h aging at different temperatures

Aging temperature Approximate equation Al C?;i%rgof;) r 600 '{'n\ql a:gg/(: )n ess
480°C y =72.067x + 427.92 2.388
500C y = 76x + 444.56 2.045
520C y =92.067x + 429.72 1.850

x: Al content, y: Vickers hardness
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Fig.9 Microstructure after nitriding treatment for (a) surface area, and
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Table 5 Results of tensile test after nitriding treatment
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Combination of Ultrafiltration and Ceramics Adsorption Filter for
Pretreatment in Seawater Reverse Osmosis Desalination Process

Keiko Nakano * To mitigate the fouling of reverse osmosis (RO) membranes, which is one of the main issues in

Jingwei Wang ** seawater desalination, Hitachi Metals has developed a ceramics adsorption filter (CAF) to
1 wel
remove potential foulants in RO feed water. The entire surface of the ceramic filter facing the

Lee Nuang Sim ** water is coated with aluminum oxide, which has a higher isoelectric point (IEP) than seawater.

Tzyy Haur Chong ** When in seawater, the surface layer is positively charged and therefore adsorbs negatively-

charged foulants. In order to promote the use of this product in the water treatment industry,

Yusuke Kinoshita *** Hitachi Metals and the Nanyang Environment and Water Research Institute (NEWRI) at Nanyang

Kenichiro Sekiguchi * Technological University (NTU) conducted collaborative research to compare the effectiveness

of a hybrid ultrafiltration (UF) - CAF pretreatment method with conventional UF pretreatment in
reducing RO fouling. The changes in water quality before and after the CAF indicated that the
CAF could remove a certain fraction of the dissolved organic matter (DOM) that escaped the UF
membrane, thus alleviating RO membrane fouling. In addition, an RO membrane autopsy

*  Metallurgical Research Laboratory,
Hitachi Metals, Ltd.
analysis indicated that a smaller amount of biofilm was formed on the RO membrane when a
o Singapore Membrane Technology = GAF pretreatment was used prior to RO. This was demonstrated by a slowdown in the decrease
Centre, Nanyang Environment and
Water Research Institute, Nanyang

Technological University

of membrane permeability as well as a reduction in the required membrane cleaning frequency
by two times or more. This will be likely to reduce the operating costs of seawater desalination

#3%% Advanced Metals Division,

Hitachi Metals, Ltd. plants, and improve capacity utilization, thus resulting in lower water production costs.

@ Key words : Desalination, Adsorption, Ceramic
@® R&D Stage : Proto-type

§ This article is based on a report previously published as part of The International Desalination Association (IDA) World

Congress Proceedings, Dubai, UAE 2019.

1. Introduction

cleaning and replacement of RO membranes. Thus,

An increase in water demand has emerged as a global
issue due to population growth, economic growth, and
climate change. One of the Sustainable Development Goals
(SDGs) P promoted by the United Nations is to ensure
access to water and improve water quality and price.

Desalination is one of the solutions for securing water
resources in low-precipitation areas, and many
desalination plants rely on reverse osmosis (RO)
technology. However, one of the main issues with RO
technology is membrane fouling ?. Fouling of RO
membranes results in a decrease in permeability and an
increase in water production costs due to an increase in

pumping energy, higher chemical usage for membrane
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effective pretreatment processes to remove potential
foulants in the RO feed water are critical for alleviating
the fouling of RO membranes.

Seawater contains suspended solids and dissolved
matter. Dissolved matter includes not only ions but also
colloids and soluble organic compounds with submicron
sizes. These colloids and organic compounds are easily
retained and accumulate on the RO membrane surface,
thereby reducing the membrane permeability. The organic
compounds also act as a food source for bacteria that
eventually cause the formation of biofilms on the
membrane surface. Therefore, pretreatment is used as the

first step to remove suspended solids, organic compounds
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and microorganisms from natural seawater prior the RO
process, in order to protect the membrane.

Conventional pretreatment processes include (i)
filtration by physical separation in various media, and (ii)
chemical treatment (e.g., coagulation-flocculation,
biocides, antiscalants) ?. Even though microfiltration (MF)
and ultrafiltration (UF) pretreatments are commonly used
in seawater reverse osmosis (SWRO) plants, fouling of RO
membranes still occurs. Filtration is effective for removing
suspended solids but has limited effect on the removal of
dissolved organic carbon (DOC) in seawater ¥ ~9.

One approach to reduce the amount of organic matter in
seawater is through adsorption. Due to the high ionic
strength of seawater, metal oxides were found to be a
more suitable absorbent for removal of organic matter
than activated carbon. Kim et al. proposed the
incorporation of powdered iron oxide in the UF system
for algal organic matter removal. The study showed that
iron oxide had a 50% removal efficiency for DOC, and
hence significantly reduced fouling during RO ®. Alumina
is another common absorbent for the removal of
contaminants such as toxic metal ions, organic dyes,
pesticides and natural organic matter (NOM) in water 7" ¥,
However, there has only been a limited amount of
research into using alumina as an absorbent for seawater
pretreatment applications.

Hitachi Metals published the first use of ceramics
adsorption filter (CAF) as an alternative pretreatment

approach for RO systems, in IDA World Congress 2017 9.

In order to market this product to water treatment

(a)

Open cell

"
‘_‘.::“‘Plug

03
RS

LN 5 mm

Fig. 1

(b)

plants, Hitachi Metals engaged with the Nanyang
Environment and Water Research Institute (NEWRI) at
Nanyang Technological University (NTU), Singapore to
investigate the impact of a CAF on RO performance, in
December 2017.

In the present study, NEWRI and Hitachi Metals
conducted laboratory-scale and pilot-scale SWRO
studies, respectively, to investigate the RO performance
after CAF treatment. In both tests, two RO systems were
operated in parallel. One of the systems consisted of a
CAF pretreatment unit after UF pretreatment prior to
RO, whereas the other system involved UF and/or dual-
media filtration (DMF) followed by RO; the latter system
was used as the baseline for comparison. Detailed water
analyses were carried out before and after CAF
pretreatment to correlate the fouling potential of the RO
feed water and RO performance data. Furthermore, the
major foulants that were attached to the membrane

surface were identified through membrane autopsy.

2. Overview of CAF

The CAF (Fig. 1) is made of cordierite, a ceramic with a
composition of 2Mg0O-+2Al1,03°5Si0,. It has an array of
square flow channels whose pitch is a few millimeters.
The flow channels have porous walls with a maximum
porosity of 70%, and the pores are interconnected. The
porous walls are coated with alumina nanoparticles as an
adsorbent. The flow channels are arranged to have an

alternate pattern of ‘feed channel’ and ‘treated channel .

Treated channel Ceramic substrate
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Structure of CAF (a) photo of CAF, (b) cross-sectional illustration of water flow path
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Both types of channel have an open end and a non-porous
ceramic plug on the opposite end. The feed water enters
the bottom of the CAF via the feed channels, passes
through the porous walls where dissolved matter is
adsorbed, and then the treated water exits at the top of
the CAF via the treated channels.

The CAF is designed to remove material that could
cause severe fouling in the RO process. The ceramic
filter surface is coated by metal oxide with a higher
isoelectric point (IEP) than seawater in order to enhance
its adsorption of foulants in seawater, which are typically
negatively charged.

The features of the CAF are:

+ High chemical resistance, which allows periodic
chemical cleaning to recover its adsorption
performance

+ Comparatively large surface area due to the highly
porous walls and micron-size pores.

* Low hydraulic pressure loss (less than 1 kPa).

The main function of the CAF is to adsorb a certain
fraction of the soluble organic matter that is typically not
retained by the UF membrane. However, the CAF allows
the passage of 99% of polystyrene particles (particle
diameter of 2 um)?. The removal performance for organic
matter with different molecular sizes was compared for
the CAF and UF membrane, and the results are
summarized in Fig. 2. The CAF showed higher removal

100
80
= F (MWCO = 300 kDa)
X
Q 60
<
g I
o 40
1S
[0}
o
20
0
Description Target Molecular size | Feed concentration
AB Dye (Acid Blue) MW: 1 kDa 1 mg/L
PS1 Polysaccharide (1) MW: 50 kDa 3.1 mg-C/L
PS2 Polysaccharide (2) | MW: 1,000 kDa 2.5 mg-C/L
PS3 Polysaccharide (3) | MW: 2,000 kDa 3.0 mg-C/L

Fig.2 Comparison of removal rates by CAF and UF for organic matter
with different molecular sizes
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rates for small molecules such as dye (MW: 1,000 Da) and
polysaccharide (MW: 50 kDa). In this experiment, the
removal rate was defined as the change in the
concentration of total organic carbon (TOC) before and
after the CAF or UF, except for dyes whose removal
rate was calculated based on the reduction in optical
absorbance (measured by UV-vis spectroscopy). The
results indicated that the CAF has the potential to
adsorb low-molecular-weight organic matter.

The adsorption performance of the CAF relies on the
contact probability between the molecules and the
adsorbent on the surface of the CAF pores. The contact
probability is determined by the contact time, i.e., the
time taken to pass through the porous wall, assuming a
fixed channel structure. Therefore, the space velocity

(SV) was used to design the flow rate for the CAF.

3. Laboratory Testing at NEWRI (Singapore)

In the laboratory test at NEWRI, to clarify the different
substances removed by the UF membrane and the CAF,
two RO systems were operated in parallel, and fed with
UF filtrated seawater de-chlorinated with sodium
bisulfite (i.e., a mixture of Na»S:0s5 and NaHSOj3), one
without and another with CAF treatment prior to RO, as
shown in Fig. 3. The evaluation test was performed twice
with different CAF cleaning frequencies, i.e., once a week
in the first test and once a day in the second test.

The seawater was pumped through the CAF using a
peristaltic pump at a constant flow rate of 70 mL/min,
equivalent to a SV of 120 /h. A total volume of 15 L of
seawater was treated by the CAF daily, and 50 mL of

seawater samples were collected before and after CAF

() i)

RO membrane

brine
CAF [;ﬁ ﬁ
P
umpe ! Permeate i {
5> 1
High-pressure pump

UF filtrated seawater

UF filtrated seawater

Fig.3 Schematic diagram of experimental RO system (NEWRI)
(@) RO 1 with CAF pretreatment, (b) RO 2 without CAF pretreatment
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filtration for analysis.

A high-pressure pump was used to pump the RO feed
from a feed tank to the crossflow RO cell at a flow rate
of 0.5 L./min (corresponding to a crossflow velocity of 0.1
m/s). The feed pressure of 4.5 MPa was adjusted by a
pressure regulator located after the RO cell. The RO
membrane used was a Nitto Hydranautics SWC5-4040.
The membrane flux was calculated based on the permeate
flow rate that was measured using a digital mass
flowmeter. The permeate and concentrate were recycled
to the feed tank to maintain constant volume. The
conductivities of feed and permeate were monitored with
conductivity transmitters. Data for the feed pressure,
permeate pressure, conductivity, and permeate flow rate
were recorded every minute by a data acquisition logger.
The temperature of the RO feed solution in the feed tank
was controlled at 28°C using a chiller.

Water samples were collected daily before and after the
CAF for measurements, i.e., analysis of the total dissolved
organic carbon concentration by a Shimadzu TOC analyzer,
characterization of the organic fraction by a fluorescence
spectrophotometer (Agilent Technologies) and liquid
chromatograph-organic carbon detection (LC-OCD; DOC-
Labor Dr. Huber) '%. In this study, a statistical modelling
method, namely PARAFAC, was applied to further
decompose the excitation emission matrix (EEM) into
individual components with unique fluorescence features
using MATLAB® R2018b software (“MATLAB” is a
registered trademark of The MathWorks, Inc. in the USA.)

with the DOMFluor toolbox following the protocols
described by Stedmon and Bro 'V. This allows effective
tracking of the fate of individual organic components in
seawater systems. The fluorescence spectra corresponding

to the blank (pure water) was subtracted from each

UF
Waste water
(Sewage water) Feed
Seawater
DMF

Filtrated

D : Tank (reservoir)

Fig.4 Schematic diagram of pilot-scale RO system (Hitachi Metals)

measured EEM, and the fluorescence intensities were
further normalized by the Raman peak for pure water at
an excitation wavelength of 350 nm, and were calibrated
against the quinine sulfate dilution series, producing
EEMs in units of quinine sulfate equivalent (ng/L. QSE).

At the end of the experiments, autopsies of the fouled
RO membrane and used CAF were performed. The
samples were first soaked in a sterilized 0.85% sodium
chloride solution, then sonicated, followed by vortexing to
detach the foulants. The extracted solutions were used
for the organic characterization described above and for
microbial analysis.

Extracellular polymeric substances (EPSs) were
measured as the sum of the polysaccharide and protein
content. The polysaccharide was measured using the
colorimetric method (phenolic sulfuric acid method).
Quantification of the protein content in EPS was
conducted using a micro bicinchoninic acid (BCA) protein
assay kit (Pierce, #23235).

The cell viability was quantified using flow cytometry
(BD, USA). Specifically, 1 mL. of samples was stained
with 1 pL. of both SYTO® (“SYTO” is a registered
trademark of Molecular Probes, Inc. in the USA.) 9 and
propidium iodide (Molecular Probes, USA). The sample
was transferred to a flat-bottomed well plate for flow
cytometry analysis (with an unstained sample as a
control). Counts in a defined region of the density plot

were converted to live and dead cells.
4. Pilot-scale Testing at Hitachi Metals (Japan)
Hitachi Metals set up a pilot-scale RO system at Water

Plaza Kitakyushu on the shore of the Japan Sea. A

schematic view of the system is shown in Fig. 4. The

CAF N
treated RO-A
RO-B —

: Water treatment unit
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system had parallel RO desalination lines with different
pretreatment methods. The seawater was first filtered by
UF and a dual-media filter (DMF). UF filtrated seawater
and DMF filtrated seawater were mixed in a tank and
split into two lines, i.e., with and without CAF treatment
prior to RO. The volume of seawater fed into the system
was 50-60 m®/day. The operating conditions for each unit
are summarized in Table 1. The permeability and salt
rejection rate were standardized by the method described
in the document issued by the American Society for
Testing and Materials (ASTM) '?, using the measured values
of water temperature, feed pressure, flux and conductivity.

The pilot-scale SWRO systems were operated for a

Table 1 Operating conditions for pilot-scale test

Ceramics adsorption filter (CAF)

Volume
Size

Number

0L
250 mm diameter, 185 mm length
1

Feed mixture ratio
Space velocity
Pressure drop
Cleaning chemical

Cleaning frequency

DMF: UF =1:2

90 - 150 /h

< 5kPa

sodium hydroxide (0.4 wt%)

daily

Dual media filter (DMF)

Media sand / anthracite
Filtration area 0.08 m®
Linear velocity 150 m/d
Pressure drop < 10 kPa
Backwashing frequency daily

UF
Tope PVDF, 0,03 m pore
Flux 0.7 - 1.0 m/d
Pressure drop 40 kPa

Backwashing frequency

CIP frequency

once / 30 - 45 min.

once every 3 months for seawater,
weekly for wastewater-added seawater

RO
Type Hydranautics SWC5-4040
Size 100 mm diameter, 1,016 mm length
Number 1
Feed water 900 L/h

Permeate water
Flux

Operating pressure

72 L/h (recovery rate: 8%) const.
0.2 m/d
3.5 -4.5 MPa
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month, but the reduction rates for the permeability for
the two RO systems were the same. This could be due to
the low concentration of organic matter in the seawater.
In order to investigate the CAF effect, wastewater was
added to the seawater in a small percentage (< 2%) in
order to increase the DOC in the water during the final
week of the evaluation test.

The water samples from the seawater tank (collected
weekly), UF+DMF filtrate tank and CAF treated tank
were measured by a Shimadzu TOC analyzer and a
quartz crystal microbalance (QCM) (Biolin Scientific -
gsense). Hitachi performed QCM measurements using a
unique method to estimate the amount of organic matter
that attached easily to the RO membrane . The QCM
instrument measures the weight change based on the shift
in the resonance frequency of the sensor crystal . The
frequency shift is proportional to the weight of deposited
components per unit area of the sensor surface. Using a
sensor crystal coated with polyamide similar to the RO
membrane surface, the frequency shift indicates the
weight of the components that have high affinity for the
RO membrane.

The used CAF was cut out after 9 weeks of continuous
operation and soaked overnight in dilute hydrochloric
acid (0.1 mol/L), and sodium hydroxide solution (0.1
mol/L) to extract the adsorbed matter. The extracted
solutions were neutralized and the organic components

present were characterized by LC-OCD.

5. Results and Discussion

Figs. 5-7 depict the profiles of the normalized
permeability of the RO membranes in the 1st and 2nd
laboratory-scale tests performed by NEWRI and the
pilot-scale test performed by Hitachi Metals (HML). Two
points should be noted from these results. First, the
normalized permeability showed a decreasing trend with
time, indicating the occurrence of membrane fouling.
Secondly, UF-CAF-RO showed higher permeability (i.e.,
less membrane fouling) compared to UF-RO. Comparing
the 1st and 2nd tests at NEWRI, the difference increased
from 10% to 30% when a higher-frequency CAF
backwash was adopted. This indicates that higher
adsorption performance can be achieved by more frequent

CAF chemical backwashing. In the pilot-scale test
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conducted by Hitachi Metals in Japan, an accelerated
permeability drop was observed for the RO system
without CAF after addition of wastewater into both
systems. The weights of the components deposited on the
RO sensor of the QCM from seawater with and without

wastewater are shown in Fig. 8. The components that
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UF-CAF-RO

>
£ 08
=
[
Q j
E os ™
8 UF-RO
°
8 o4
T
£
2 o2

0.0

0 5 10 15 20 25 30 35 40

Operation days (d)

Fig.5 RO permeability degradation in first test by NEWRI
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Fig.6 RO permeability degradation in the second test by NEWRI

SW added wastewater
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1.0 UF-RO
0.8
UF-CAF-RO
0.6
0.4

0.2

Normalized permeability

0.0
0 10 20

Operation days (d)

Fig.7 RO permeability degradation in pilot-scale test by Hitachi Metals

have a high affinity for the RO membrane passed through
the UF membrane, and the potential to foul the RO
membrane became higher after wastewater addition. The
increase in the organic matter content in the feed water
caused a difference in the fouling rate for the two
pretreatment processes.

Generally, chemical cleaning is conducted to recover the
performance of a RO system when its permeability is
reduced by 10-15% of its initial value. The downtime
associated with membrane cleaning is a factor that
decreases the utilization capacity of seawater
desalination equipment. As such, the performance
indicator used in both the studies by NEWRI and Hitachi
Metals was the operating time required for the RO
permeability to drop by 10% from the initial value. Our
results showed that the RO membrane cleaning frequency
was reduced because of adding the CAF after the UF as
an RO pretreatment. As shown in Fig. 9, the time taken

for the permeate flow rate to decrease by 10% was

80
70
60 Wastewater added seawater
50
40 Seawater
30

20

P []
0

Feed UF + DMF filtrate

Amount of organic matters with high
affinity for RO matter (ng/cm?)

CAF treated

Fig.8 Amount of organic matter attached to RO membrane measured
by QCM

25

2.0

1.0 1

t (CAF) / t (control)

0.5

0.0
Pilot-scale
(Hitachi)

1st 2nd

(NEWRI) (NEWRI)

Fig.9 Ratio of time span required for chemical cleaning of RO
membrane (" t" in y-axis stands for time taken for 10% decline in
permeability for each pretreatment)
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extended by up to 2.3 times relative to that without the
CAF. This is likely to reduce the operating costs of
seawater desalination plants and improve the utilization
capacity, resulting in lower water production costs.

In order to determine the type of components that the
CAF can capture, the water samples taken before the
CAF (UF filtrate) and after the CAF were examined by
LC-OCD in NEWRI's test. The total amount of DOC in
the seawater ranged from 1.2 to 1.4 mg-C/L in both
tests. From the LC-OCD analysis, four components were
quantitatively measured, namely, biopolymer (BP), humic
acid (HA), building blocks (BBs), and low-molecular
weight matter (LMW). Among the organic components, the
CAF tended to remove BP and HA as shown in Table 2,
but showed limited removal of BB and LMW. Based on
the Hitachi Metals pilot-scale test, the total organic
matter in Japanese seawater was about 30% lower than
that in Singapore, but the order of the composition ratio
for CAF feed water was similar for all samples, i.e., HA
> LMW > BB > BP. The values in the two rightmost

columns in Table 2 are the concentrations of the

components in the extract from the used CAF in dilute
hydrochloric acid and sodium hydroxide solution. They
indicated the types of substances that were adsorbed by
the CAF. The amount of BP in extracts was higher than
that in the feed water for the CAF. BPs have a high
molecular weight and consist of polysaccharides and
proteins, which may cause fouling of RO membranes or
are produced in the biofilm .

The components identified from the EEM-PARAFAC
analysis in three components, on their excitation wave
length (Ex) and emission wave length (Em) in the unit of
nm. The three components described C1, C2 and C3 in
this paper were:

Cl: Ex/Em < 250 (310)/402; Marine humic materials

C2: Ex/Em = 280/314; Amino acids, free or bound in
proteins

C3: Ex/Em = 260 (370)/466; Terrestrial humic-like
substances

The concentrations of each component are summarized
in Table 3. The EEM-PARAFAC analysis in the second
evaluation test also indicated that the CAF showed a

Table 2 LC-OCD analysis of organic components in water before and after CAF

1t test 2n test Pilot-scale test
Concentration (ug/L) Concentration (ug/L) Concentration (ug/L)
(ratio in DOC (%)) Removal (ratio in DOC (%)) Removal (ratio in DOC (%))
CAF CAF rate (%) CAF CAF rate (%) CAF feed Extract Extract
feed treated feed treated (w/0 WW) by acid by base
DOC 1,296 1,277 1.4 1,409 1,370 2.7 948 91 169
117 116 91 82 58 20 17
BP 9.7) 9.1) 10 (7.9) (6.0) 8.9 6.1) (22.0) (10.1)
572 519 497 476 412 56
HA (47.4) (40.6) 93 (43.4) (34.7) 42 (43.4) n.d. (33.3)
BB 122 130 _ 181 186 _ 183 24 40
(10.1) (10.2) (15.8) (13.6) (19.3) (26.4) (23.8)
LMW 395 372 58 377 397 _ 296 47 55
(32.8) (29.1) ! (32.9) (29.0) (31.2) (51.6) (32.7)

"-"in the columns for removal rate means the value is negative.
n.d.: under the detection limit

Table 3 Amount of organic components in RO feed water, foulants extracted from CAF and RO membrane in second evaluation test by NEWRI

RO feed water CAF RO membrane
UF-CAF UF UF-CAF UF-CAF-RO UF-RO
(ugQSE/L) (ugQSE/L) (ngQSE/gCAF) (NngQSE/cm?) (NngQSE/cm?)
C1 7.4 6.6 7 6 6
c2 4.8 41 26 50 35
c3 34 33 2 3 2
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greater tendency to capture proteins from the feed water.
The concentration of C1 was higher than those of C2 and
C3 in the RO feed water. On the other hand, the
concentration of C2 was the highest in the foulants of the
CAF and RO membranes.

Microbial analysis of RO foulants was also performed.
The EPS content of the fouled RO membranes is shown
in Fig.10. The EPS was mainly composed of proteins
rather than polysaccharides. The amount of EPS on the
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=
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50
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UF-CAF UF

UF-CAF-RO fouled membrane was 20% and 45% lower
than that for the UF-RO fouled membrane in the weekly
and daily CAF backwash tests, respectively. The cell
count for CAF-UF-RO was similar to that for the
UF-RO fouled membrane in the first evaluation test, but
was 76% lower in the second evaluation test, as shown in
Fig. 11. The presence of the CAF is able to suppress

bio-film accumulation on the RO membrane.
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Fig.10 EPS content of fouled RO membranes with and without CAF pretreatment (a) 1st evaluation with weekly backwash, (b) 2nd evaluation with daily
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Fig.11 Live/dead cell count on fouled RO membranes with and without CAF pretreatment (a) 1st evaluation with weekly backwash, (b) 2nd evaluation

with daily backwash
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6. Conclusion

Hitachi Metals has developed a ceramics adsorption
filter (CAF) with porous walls coated with an adsorbent
material that suppresses the fouling of RO membranes by
selectively removing the dissolved organic matter in the
RO feed water. The ceramic filter surface is coated by a
metal oxide with a higher isoelectric point than that for
seawater in order to increase its ability to adsorb
negatively charged organics. NEWRI and Hitachi Metals
conducted laboratory-scale and pilot-scale SWRO
studies, respectively, to investigate the RO performance
after CAF treatment. In both tests, two RO systems were
operated in parallel, by feeding UF (+DMF) filtrated
seawater without and with CAF treatment prior to RO.

The UF-CAF-RO showed less RO membrane fouling
compared to UF-RO even though the removal rate for
dissolved organic matter was negligible. Additionally, the
total organic matter derived from the seawater on the
UF-CAF-RO membrane was about the same or slightly
more than that on the UF-RO membrane. It is worth
noting that the CAF appeared to be able to suppress
biofouling on the RO membrane. Furthermore, it was
observed that the components (total amount and
composition of ion species) adsorbed on the surface of the
CAF changed depending on the conditions of the water.
Hitachi metals and NEWRI are currently conducting
further study to determine an effective combination of
pretreatments for different types of feed water for

desalination and reuse systems with RO membranes.
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#goaL3/NL b (Fe-Cr-Co) AT 2&BRBEN EOEAEE 2 Hlid 2 £ Z2BM
IZ, SLM (Selective Laser Melting : iR L ——¥KRIREERE) T Fe-Cr-Co Bia%
EBELE L——0OBHIRINF—BEZHEELCTSIETRMEEZ 0.1%UTICERLE. &
HMaBRR ESHEERBRE OBMTIFEEANER, SLM ERICKUER L /= Fe-Cr-Co A D%
RHEFACLBRLTRFULETH >/, HHlBERROER, HEHATIE, TICP TINDB
FIICHIE T AR —L1EE%2E T 5D, W Fe-Cr-Co BAIMEHIIE—ThH o7, BT
HEREDDIE SLM EWMPEHEETER L/ Fe-Cr-CoBATIR TN T HHBEIRED 0L
ZA5N%, SLMEHICEKY, BRaZRKOEHMAZERIIETHDIILZ2BRAL, BEEEHICK
) Fe-Cr-Co #aNDHEN T TH D I EDFHh 7=,

Fe-Cr-Co magnets were manufactured by selective laser melting (SLM), which is an additive
manufacturing method. By adjusting the SLM conditions, a low defect ratio of < 0.1% could be
achieved. The additively manufactured Fe-Cr-Co magnets exhibited similar or better
performance than that for conventional cast magnets. Though uniform structures were
observed in the additively manufactured specimens, locally precipitated TiC or TiN phases
were observed in cast Fe-Cr-Co magnets by scanning electron microscopy. The microstructures
in the specimens were different, and it is considered that the magnetic performance was
affected by the microstructure. These results indicate that Fe-Cr-Co magnets can be
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successfully fabricated using SLM.
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1 Fe-Cr-CoBAMERDMER
Table 1 Compositions of Fe-Cr-Co magnet powders (mass%)

Fe Cr Co Ti Si
Lot.1 Bal. 24.4 10.3 0.5 0.5
Lot.2 Bal. 24.5 10.2 0.6 0.5
Lot.3 Bal. 24.7 10.3 0.6 0.5

R2  §5E Fe-Cr-Co A DR
Table 2 Composition of a cast Fe-Cr-Co magnet (mass%)

Fe Cr Co Ti Si

Bal. 25.9 9.7 1.1 0.5

3.2 Fe-Cr-Co BRmNDELEH E

AWFzE T, #d L UPSLM HRXOREERIC TR
K25 Fe-Cr-Co A DG # ER L 72, $hdak
BiFiE, Fe-Cr-Co A DRI &AM L, SANZIEY, §F
[il42%Z & THEMLZ, B 112 SLMEEDOREKX % x
T BUOICERAEZN—-2 7L — MZERICRERE L
72 (B 1 (@), Wiz, CAD 7 — & IZHD < Wi R IZHE -
TV —HF—%ER/T 5L THARREEZRTRICER &
L CEEREMZ (B1 (b)), ZoBKREOMiGE L —
YK EOETZET, "N—=2 7L — b IR
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1 SLM 70+ X DR (a) # K AHE (b) 351 B TOER HE (c) BE TOER HE
Fig.1 Schematic of SLM process (a) powder feeding, (b) melting/coagulation at 1 layer, and (c) melting/coagulation for a large number of layers
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BLUEBMRAEFLZ (K1 (0). &EkiEEpEE L
L CiZ EOS M290 (EOS GmbH #L#)) % 7=, 21
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Fig.2 Appearance of EOS M290

3.3 FHliGE

ORI AR ORKIE, 28y, ICP (Inductively Coupled
Plasma) JENH AT, WL ToHOT L7z, BB KU
Sl ekl OTHIREE 13, BASRFT O Z W L 7= 512,
KM B &K O ERTE T PH M (SEM: Scanning
Electron Microscope) {2 CaHii L 7z, skl OICRAM0IE
SEM Il L 7z = 2 v — 47 X #o o ik (EDS:
Energy-Dispersive X-ray Spectroscopy) CTalli L 7=, &
PINERORBGEZ, GO Wi D 2285 & el 1= T
BligL, XM Ick kD, RGRUERE, RREFIE
O Wiz 5 L, KFEOFELEZIRFOMRHA Sy (mm?) % Bl%2
MO S, (mm®) THUZMMOBA S HEE2KREED (%)
& U 7o AL TIIABVLEL D ESE - D R FGE 2 JIE L 72,

D=8/ S. X 100% (1)

IR OB KEEIZ B-H M L — 4 — % W CEHfi L
770 BEAD B-H fifg &Ko, Z Oh#E & 0 i H
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HIE B, (T), KT HILF—H (BH) poe (kJ/m®), Al
it J, (T) & XU Hes (kA/m) %R 7=, MAAIL
12 (BH) max / (B: X Hep) IZ& DR, —f%I A7 G
TERFICIE, MR J — AR S H RO 2 RBRICE
W, J280.9 X J, (J 35, J. = B.) OfEick b
MED HEIOFAMETH 5 HBHWO6hE, TDOH, %
IR RR O A %1 Hey THR U 724l (Hy /H.p) AR
LLTEFEIND, —J, Fe-Cr-Co il \TlE, Hy
M Nd-Fe-BWA 7 = 74 PRGAIZHNTEKL, 72
Hey & Hop & PMEIFFREIZ 2 Z &0 5 Lino—ikih 7 i
RIORD il T 22 ENTEEN, 2070, K
WEIZBWTIE, Hy & Heg ENXTFEMEIZ A S Z L %205
HL, AP E&448IEE LT (BH) n/ (B X Hep) &
EF SN AR E 2,

4. BREEE

41 SLMEFRHBRRFOABSLIVL —HF—BHI X
WX —ICEDRBEANDTE

R 312 SLMICXDEEL -RkER o 2R3, ik
BiFre LT, 910 X 10 X 10 mm B XU XY HANZEH
D10 X 10 X 40 mm DEEW % ML 7=,

B 4 12 3E W O eSS S S A R T, KD
HEBRMGEHTH 5, EXFHEMHETIZHNT, Wik
RRENFR L 52 L 5MER L2, 22T, RMFEIZHZ 5
HrELT, Ly —HHCNb2 1LY —HEE
(J/mm®) 2T L 72, TH3ILF—%EId SLM 7'u
Y ZADOFELEIINT A= THBL—F =P (W), L —
P —ETEE v (mm/s), V—F—OERMMFa (mm),
RO —REIEE d (mm) % HWTK (2) 263k 72 19,

E=P/ (v X aXJd) (2)

10 mm

3 SLMIC& V&R L AR DAE
Fig.3 Appearance of SLM specimens



B 5 ICHES L — =D 3L X - L AER L 2B
DRMGROBRE RS, L - —D T 1L X —EEE
2350 J/mm® & DAROEFE, KRIEEER 23555 Z & AR
L (R4@). BEHL - DT 3L X %S E %59,
50-60 J/mm® 129 % Z & TRIGHIKIET 5 Z LA A[RET H
D (E4 (b)), WL —F—-—DITXILF—FEEZEHD
T 60-100 J/mm*12¢ % Z & CHrmi o XRG4 0.1% LTI
THIENNEETH S Z AR LZ (B4 (€). —H
L - —DZ 3L F-%EE % 100 J/mm* & D &<
T2, RMGEPEBL RPZL%#HRALZ (K4 (d).

(a) (b)

0.5 mm 0.5 mm
(c) (d)

0.5 mm 0.5 mm

4 SLM &FEHBTE O FEMSE SR, EMEORFL - -DIx
WX - : (@) E<50J/mm (b) 50 < E <60 J/mmd,
(c) BO<E <100 J/mm®, and (d) E > 100 J/mm?

Fig.4 Cross-sectional optical microscope images of SLM
specimens, manufactured under (a) E < 50 J/mm?, (b) 50 < E < 60
J/mm3, (c) 60 < E <100 J/mm?, and (d) E > 100 J/mm?®
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Fig.5 Relationship between defect ratio and energy density of laser
beam for SLM specimens
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42 RMBERIZELIETEFEANOTE

AT, SEIEABHL KT TEELZ
Fe-Cr-Co A1 & 3l L, KRFGHIC & 2 M RFHENDOEE
NIz,

[ 6 (= Fe-Cr-Co A DMK EE B, 5 K UHRAT
AN F — 8 (BH) nax (= RIXTEIZY O RIGHR O 58 %R
¥, —f%IZ Fe-Cr-Co Bif1121% B, & (BH) pax 28 & 1250
WZ EMRD 5N TN D, RIEEMEOE R Tl
B, & (BH) s 13 & 8 1I2E <, KREEOBKIZMEY, Th
BIRILIIE T3 Z 0 0h 572, ZOMENP S5, KK
LETFTEZELETB, XV (BH) nux 05 Z L3 HE
ThHbHZEEMERL,

X 7 (2R bgR & fafiigAb J, OBtk &R T, EEMO X
Bia 8 & FEHE DML 100% TH 5 Z &5 5 RIGEIE L
n5HE, RERIIELS B 5, —MICHNARED 720 O
BOFTHELE L JOIERFIT 2 Z EnMEh TS, 20D
728, XS J B FEERICIE BT 5 SAE L, KEGHE
R L - BRERAE A U COR T, J, O FHINE & PRI
Wh—% L7z, ZOZ LM, JAZEL, SLM TEFL
72 Fe-Cr-Co g & e L D e S h T\ B4 & Rk
DM EAET EEZ OGNS,

X 8 IZ Fe-Cr-Co fiia D KR Fa=E & /1)) Hep O BITR %
T, Fe-Cr-Co iz \T, RES11E B, X (BH) max
ERIBRIZENZ Rk 6N 5. K0~ 3% O
T, B, OZLICHKKN T 221t E, Hes OMELZ
{LIZHERR T & 5 72,

B 9 (2 Fe-Cr-Co A DX & ARILOBIR AR T,

15 80
1.4 70
r .
4_. —
° =
13 - 60 =
E <
- ° x
@ == . £
12 = 50 T
Q
=
=
1.1 m 40
B —————
1.0 30
0.0 05 1.0 15 20 25 3.0

Defect ratio (%)

6 EBURZBEB BLURKIZINFE—TE BH)na ICRIZTER
MO RBEEDFE

Fig.6 Influence of defect ratio on residual magnetic flux density (B)
and maximum energy product ((BH) max) for SLM specimens
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—f%IZ Fe-Cr-Co ¢ i2 bW T, AAIIZEmWZ &Y
Fhbd, AAIE (BH) e, BeBLK U Hs 2 6KDEN
BH, SLM THEE L 2 AicnTid, REEESENE
EFBIE GRS B A AR L 7z,

Theoretical values of Js

Js (T)
&

0.0 0.5 1.0 1.5 2.0 25 3.0

Defect ratio (%)

7 EWMORKEER LML Jo DRIER
Fig.7 Relationship between saturation magnetization (Js) and defect
ratio for SLM specimens
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8 EMHMDRIMEE EIREES Hee DEIER
Fig.8 Relationship between coercive force (H:s) and defect ratio for
SLM specimens

#&3 Fe-Cr-CoWiADHSTIHM
Table 3 Magnetic properties of various Fe-Cr-Co magnets

DIk, RIGRICE 28RO B & IR R,
REGEREIMENE L Fe-Cr-Co A DOVERED 5 < 7& 5 fH[A]
XCASE aBa

0.9
0.8 ’.
kel [J
§ [ ]
¢
g
jog [}
()
0.7 °
°
0.6
0.0 0.5 1.0 1.5 20 25 3.0

Defect ratio (%)

9 EMMORBEE L ARLEDREF
Fig.9 Relationship between square ratio and defect ratio for SLM
specimens

4.3 SLM & L USEHA DB SIFE
F3ICSLM iR H X U8EE TR L 72 Fe-Cr-Co i
ADOWKFEZ R T, 4.2 BHIZEEOM Y SLM1 ~3 D
AR 2 D, RIGEMENE E BN KR %
R U7z, SLMEEORA & $5E A4 & ik U 72 5558,
SLM3 i3 #hifiif & 0 & RFGRIIE N 22b 5 T8
WA RSO B, #H L, (BH) e & FASIGIZSFER A
KO\ E AR L, —, HelZBILTE, 9.
TOH VY TILTIRITMEETH S Z & AR Lz, ZOHE
Rrb, MEEE L $hEwa 3 8EEDENH» 5 Cr,
Co, Ti OfBILIZFEEIZIE KL EWE DD, FEEEF
TAEBIL 72 Fe-Cr-Co gz W\ T8, —ARIZEH X
N8O L A% EOMWREEMH5 2 L 0RET
HBIZLAEMRL, ZDTLH»6ERERF ORISR
PEZFERLA ATRE L KHET b 5 T & D35 5 72,

Defect ratio (%) B, (T) (BH) max (kd/m?) Hes (KA/m) Square ratio
SLM1 0.01 1.39 54.4 48.7 0.80
SLM2 0.45 1.37 51.3 47.8 0.78
SLM3 0.82 1.35 50.0 47.6 0.78
Cast 0.66 1.35 47.8 49.5 0.72
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44 SLM &Rz &L UimEHA OiilieE BN, ZOX5 MRS REEE LTI,

10 12 SLM1 @, B 11 (2 SLM3 ® SEM [ 47 1% WA T Ti ORR SRS LD a0 2 R E &5
BIXOEDSDOTi~y ¥y Bamnd, Ths i3kl T3 ZeXR (%1, 2), $hETORGE TR TIImAIEE
HILIRFE TR L 72, SLMI1 & SLM3 O R4 1% & It BENDEELOND, Y P X BRI
IZY— kA A L, EDS2 56 SLMERIZ KD 1EHR INSDOWMMEEDENBEEL TWEEELLN, &

L72fy, TiBE—ICi i3 2 L&l Lz, £7z, AR 2 0 2 TETH 5
A& U 72 fh D ILR~ v ¥ v 75 6 & L 720K 1E DI EDHERD S, SLMEHE & ##iE THER L 72 Fe-Cr-
RoNLh o7z, BIEERITHHEE 2 E N 720128 — Co A TN OH HEO BN & Ik x5 Z &

LHlnmEonh-E 21605, SLMIL & SLM3 % kg ZHERR L, DGR S 0038 W A3 SRR %ﬁ’.i.“tr%uzms
L7245, DOAHE 7155 & HIGRIC IRk Y & 5 Z & %1 LEEZOEND, BRRFFEICS 2 2 MRS OR8N

L7, T, ZOWIKICHT MK O BB R T X WU, SR £ B TETH 5.
BTz,

12 12 KB O $hE G O SEM K8 T kot 45 SLMERZERS
EDSDOTi~vy ¥y /M4 a /Ny, REEBEB G2 6 M 1312 SLM T L 72 Fe-Cr-Co AR O/ %

A3 r i s h, M-Sl ceh s L% NT . EBMIEROBIRIZ T Y, EHIER SN,
R L7z, EDSOTivy ¥y ZEgns, ZThsd o BB L D ERMOEENEETH 5 Z & #HfER L 72,
WTIE Ti DIREDRENZ ERbh o7, L& L7225 SPEHPEOFER, RS OSEFEIZ L 0.1 mm N TS
R, 5 CRNBKE Eh, TiICR TIN &5 4 5 LEMR L, 7, PG OREER, $hii TRl
WEAEL Y, 0.3 mm JEDOEAFERSITR U T & Rk ﬂ:/“C
BLENRETH B Z L AR L 72, S, MREEFIC

% Fe-Cr-Co i DFERLEMKD 2 TETH 5.

(a) (b)

—

10 SLM1 O#liEE (a) BSE# (b) Tivy EX 7%
Fig.10 Microstructure of SLM1
(a) BSE image and (b) Ti mapping image

50 um

(a)

50 um

10 mm

11 SLM3 Df#itEE (a) BSE% (b) Tiv v E> T
Fig. 11 Microstructure of SLM3
(a) BSE image and (b) Ti mapping image

13  SLM T:&H L 7= Fe-Cr-Co A ERsm D HHER
Fig.13 Appearance of an additively manufactured Fe-Cr-Co magnet
part

(a) (b)

50 um

—

12 $5i& Fe-Cr-Co A D#IEE (a) BSER, (b) TivvEJ1&
Fig. 12 Microstructure of cast Fe-Cr-Co magnet
(a) BSE image and (b) Ti mapping image
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5. ®8&

Fe-Cr-Co iA1= 549 2 MR & 2 1 o0 i FH T Be M % Gl
T5ZLAEHEMIC, MEEFBIZED Fe-Cr-Co fidf # 8
WU, PERETEE U 280Gt & SR 2 JBER - Bl
L7z, SLM T Fe-Cr-Co fiifa &8 L7A5R, L —¥—
O T I F —FE A2 TEIELT 5 Z & TRIFEZ 0.1%
DMKk 5 Z L BTHETH » 72, SLM S CTrESEL
7o O E 2 SR 725, RIEEE T3 L5
PERE LW KFFES R O N5 2 & AR L 7z, EIERE R
& G R ORGSR & LRI U 72485, SLM I &
DAEBLL 72 Fe-Cr-Co MR 3§ A1 & 1A% LL_ L DR
Feka A L, FEALTReatREsf 45 2 & 2l L 7=,
ISR OMR, $hliiga TiE, TiC R TiN A&
WM 2 A — k&2 A3 528, SLM @b CfE#
L7z Fe-Cr-Co A3k Y —ThH 5 Z &3 rh - 7=,
F 72, MEEE CEHMZIROEAREERTREETH 5 Z
EERMEGR LU, PIEICk D, TEREE %V /z Fe-Cr-Co
WATMmOEELNEETH 5 Z & 2R L7z, SHEM
JEEIZ K % Fe-Cr-Co h OFEHILEZHED 2 TETH
%o
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MEXFHBEEIER Fe BE7ELNT 7RG ®E®

Magnetic Domain Controlled Fe-Based Amorphous Alloy Strip with Low Loss

]
aA
7]

8

S

MaDC-A™

HOERIIZ (LR & LT CO, Pt L
WARD 5T, 2015 F-D[ /%Y
o | e LABE,  HhERBUE T DR A
BAROEE 5> T, ZHhITHL,
Bl AR R IC B L Cid S E Tt 3o

F — B DAL A EREL Th
D, ZORRIZHEA L7z, KOIKHEE
BPOMR OB RO 5N T B,

TELT 7 AL, fEASEE
E iz 0z 250 ¥ 2L
&<, Fe, WEHH BRIEPER
W7z OIE TR AN E s v o 7
s HET5, 20720, BEHEL
BOFOIRE LA VWS T X
= TGS 2 T EHEAV N X 2

SNFERAERD, £72, TELT 7 A
B, OMIXHRE & HIET 5 2
ETE LIRS TE S Z &2 20
HLL R BN TR, Z0O®
PEALAEAR ASHE Y L T 5 72, HAL
EiEE, REOTET b - 7= mPETTHE
75 1k DX 3 1R o oD B LS BT L
HYE&mEWmTH 27 ELT 7 2/%E
Ak Metglas®™ (2xF L 2 OME B 1%
MAEWEH S5 Z &T, P RIEIK
Wik U 72885 [MaDC-A™ | ZFaA% L 7=
(B1, B2,

MaDC-A {4 1%, H 7400 Rek
5 T & 5 2605HBIM i 4 & Lo Y
25% DK EH T 5 (F1).

¥ 72, MaDC-A iR & WA ET L
FRLOFHIT S, fERE 2605 HBIM
Pz, 30% & A B KR
MrEHTHILH#FEALZ (F3),
ARFEEE, BIXHIES Fe Mk 7 €
LT 7 ZAA M OWEEFAE [ Magnetic

Domain Controlled-Amorphous Alloy |

76 MaDC-A (¥—Fw o xT—) &
HEh, WEHZIEGOSOMEIE L
T, ZTORDIFRMIZKELTFEL, &
I 3L F — LR BRI P b % & BR
RSV RN P RS G [t a I
(HEBEAT A2 SEATER)

Laser scribe mark Laser scribe mark

l Longitudinal direction of strip l
—_—

(a) (b)

— —
2mm 2 mm

1 MaDC-A™Ems1E (AFMRE 25 um, 2%
170 mm & & 0° 213 mm) 2 MaDC-A™E#H®D (a) RASES & U (b) HXIBEEHE

Fig.1 Appearance of MaDC-A™ strip (nominal thickness: Fig.2 (a) Surface image, and (b) magnetic domain image of MaDC-A™
25 pm, standard width: 142 mm, 170 mm and 213 mm) strip

1&:142 mm,

=1 MaDC-A™EH DEARLFE

0.25
Table 1 Basic characteristics of MaDC-A™ strip —O— 2605HB1M 50 Hz
Strip material New product | Conventional product 0.20 - MaDC-A™
P MaDC-A™ 2605HB1M ® .
= o5 [
Nominal thickness (um) 25 25 @
@ [
‘—: 0.10 O
1.3T| 0.06 typ. 0.08 typ. =
Iron loss
Wke) |50 Hz 005 T
1.4T| 0.07 typ. 0.09 typ. r
000 0o
Magnetic 1.00 1.10 1.20 1.30 1.40 1.50
flux density| 800 A/m 1.63 typ. 1.63 typ. Magnetic flux density (T)
(T

3 MaDC-A™3 & U 2605HB1M $5/0:C & 1F 2 SKIBDORER B E k1M
Fig. 3 Magnetic flux density dependence of iron loss for MaDC-A™ and
2605HB1M cores
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SiC 7 — MR &)

IR 72X

Transformer for Power Supply in SiC Gate Drive

HFTR4CA

HE PR R L ISV TR
49 F Vv rELFE, BEAERO=—
ZDEE D » SR A F (LU,
SiC) DB HEATNS, 72, &
FEHD&EIZ 1) % Efae LIZ by 27
LDOEEITACHSAEA, ElEE MO
EREE->Tn5b, 29 L7z, SiC
DOEINEEM OB L M & & &1
SiC D7 — % 5Rd)4 2 [l o it
JEEREEE > TR, ZZTHAT
% SiC 7 — FMEREHEI ~ 7 » 213,
Z DR, AR O BEK A i e
Ll 5 20,

Hy&RidZodEicxL, Sic
7 — MEREHE DR & L TERTS

DD S R A S 2 R e 35
Mn-Zn (v Vi) 27254

a7 B ML29D ] 2R L, MEO

BRI K B MG & flad by
% Z&T, INUEMER - R

DSICr — MEREKBHER 7 v 2

[HFTRACA] % #E L L 7=,

1.H¥ R

HHL THFTR4CA L 137 94 /3y &

FARD SiC 7 — FERBHEWR b 7~ 2

ELTUTOREEAT S, (B1,%K1)

(1) KA 14.5 mm X 12.5 mm, &
X 14.5 mm DB LD R TH
1A 12 mm 2 R L 72 kA
BTy A BB,

J& -40 ~ 85°C O A\ & [ Ui i

I B TERh R TE .
2. A%

[HFTR4CA] 13 v — 2 #1553 4K
SiC-MOSFET ## 7 L SiC €Y 2 —
LEHI 7S — b F 94 7 HMRUIC R X
h, SiC»— MEEHER N 7 v 2 &
LTI Eh T3 (B2, T @i
W, SRR EER S h B PR

FC/NVUE - SR HRALAN O 52
T3,

HY G35 %, Sdxd v+
BED R DA A ARIR U 72 SilERE 7 = 5
A 3 7HMB [ MaDC-F ™Y ) — 2|
EERHALTE I/ - @shEo + 5

%7743y 2 Ji B E RS (2) KA 5 EiRERE T ICbz 5T VAEREL TN (E3),
578, f/OHRK AR U 22O AR KL THBZ L5, JHHE (PRE S A S 2 AED)
# 1 [HFTR4CA] OiksE
(7 Table 1 Performance of “HFTR4CA”
5 )
Q Topology Fly back
Switching frequency 400 kHz
Input voltage max 28V
o s min 18V
Input current 1.79 A peak
) Output voltage St 2385V
< P g S2 4.85V
= S1 0.3 A max
QOutput current 2 0.3 A max
Inductance OA 15 uH = 15%
1.79 A 15 yH = 15%
Withstand voltage AC5.0 kV (1 min)
Ambient temperature -40°C~ 85C
(Unit: mm) Clearance distance 11.2 mm
Creepage distance 12 mm
1 HFTR4CA D4VELTE ~ ==
Fig.1 Schematic diagrams of “HFTR4CA” SIE v
e 200 mT
m
=
= |
% GaN Device
©
5  100mT "0,
:b:a Q&“r,,
£
©
g RO ST Device "%
° o
—_— 100 kHz 300 kHz 500 kHz 1 MHz 3 MHz 10 MHz
20 mm Operating frequency
2 O-LSEFHMERS— KT 1 TEROHNE M3 SMEE7r54 FIATMROSA>Fy T
Fig.2 Appearance of ROHM evaluation gate drive board Fig. 3 Lineup of high-performance ferrite core materials
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High-Performance 5 mm Square Isolator for 5th Generation Mobile Communication Base Station

ESI - 5CT/5ET U —X

By AEIG > 2 7 4 L LT 2019 4
2 — X RMG E N72 5 K
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D 7 NIZ O/ NS % BliE 3 5
ZENREERS>TNDS,

RIS T4V L — 413
¥%f5 PA (Power Amplifier) DI
Bl & 4, PA NOIMERERAIZ &
LR EEAIL, SMEOES A RE
L7-BfECkfE S ¥ % #I2 - Th
D, i EC/ N R oD R B R i B
PA L OEBIZE W ~ -+ W kD
INIT AL = 2R EREEH ST
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Inter Modulation Distortion) D E K43
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H—=Ay PeMINDEY T T T4
b DWIRFPEIZ & - T@ R Eo S
WU IMBLY 2 I 2 i S F T Tl
WRFE & BHE LR DT AN Off AHE
PHEAT S L LRI, HAZATTELHY
K% Z & HEAIICK = Ak &
£ 5Tz,

Hrmid 20 6 OHdiErE I xhe
T 5728, (KEIRITEAL CIaRRE LG
VR ARFEE 57— % v MiPEAE
FHHIL, &R FToREsbabhitb¢
572912, IERKODRL S 2 O
b NEBICEE T % Z &Ik > TG
74 Vv —2IcFRE N5 MR % il
BT %5 mm fAE 5 [ESI-SCT/S5ET
V) =X ERFELZ (B1), B2
B O ERGEN 288, HBMEOE
WHEHE L LT, 5G /Y Fa7812f%
XN 5 3.4-3.8 GHz 4 / 8 400
MHz CTHiA$Hk 1 dB (typ.), 74V
L—> 3710 dB (typ.), MHHEZHHE
-60 dBc AT (5 W X 2% A J1if) %
ER L (R1) (R3),

(FEBEHT A2 SEAER)

#&1 ESI5CT YU -X@OELEME—E
Table 1 Characteristics of ESI-5CT series

ltem/Model ESI - 5CT / 5ET series
Frequency range (GHz) 3.4-38 39-41
Bandwidth (MHz) 400 200
Temperature range (deg.C.) -40 ~ +125 -40 ~ +125
Insertion loss (dB) typ. 1 1
Isolation (dB) typ. 10 10
*1 V.SW.R. [IN] typ. 2 1.8
1 mm *1 V.S.W.R. [OUT] typ. 2 1.8
“2IMD (5 W x 2 tones) (dBc) typ. -60 -60
3 o =g *1: V.S.W.R.: Voltage Standing Wave Ratio
1 REROMBER . *2: IMD: Inter Modulation Distortion
Fig.1 Appearance of developed isolator
Upper case +25deg.C — -40 deg.C ——
+85 deg.C —— +125 deg.C —
Magnet-1 (@ (b)
0.0 0
Magnet-2 0.2
Cent 8 04 °
enter i S 0 =
o - Capacitor 2 oc //F\\ g 1 /
\. Resistor g 08 _5 15
S 10 k&
Resin case % 1o g 20
£ 44 22
Lower 16 30
ower case \. 3,100 3,400 3,800 4,100 3,100 3,400 3,800 4,100
Frequency (MHz) Frequency (MHz)

3 BXUSME—BI(5G /N> K n78) (a) AL (D) 7TAV/L—Ya>
Fig. 3 Electrical characteristics of 5G band n78
(a) insertion loss, and (b) isolation

2 FAR&OHHFEER
Fig.2 Configuration of developed isolator
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Category 6A Cable for Moving Parts with High Flexibility and Electrical Properties

CO-6FV-DSB 4PX28AWG (19/0.08) LF

2020 FF-BiAE, G TR O #H AL,
HENMLOERAE £ D E¥ER TR o b
IZBWTaRy bV 3 yBREH&ELT
W5, aky bV gy TiEAATH
WAR L7z 7 — 4 {5k, W 5,
EBEEOIGE T — 4 & XD &Eic(z
BT 572007 3 — 6A Bk AT
T2 RIFA(ZRRNHEL, @Ot thi:
Ao — TILORRENKRD 5T
W3,

AT — 6ARBUEEIE T 2720
I — 7 LTI T
& WX B A & DO TR (s
el L 28Kz 2 K80 &bt
728 D) OFfE A — IR - 7

B 1

BEEA 4 — 7 IV ORE
Fig.1 Cross section of cable for fixed parts

\<—— Bending radius

ﬂ

<—— Sample

)
&

Weight

1cycle:1 -2—+3—+4

H3 JEdhEER
Fig. 3 Bending test

Hwoehsd (B1), LarLars+
FIRATERMA D2 W=, F—TF
L% f8 0 58 U U 72 B IR e
AW L3 < oy it e 0 S S
han, 72, FFIRNIEDBEWTT 5
&, T OWEWTE AT CRHRRR O B EA EL
TR OIREEAR = < 7 D (ZAFE
HERFLLTLE S,

Z 2T — 7SR Bl
L, % ORI #8 & M1 %
JEU 02 28 FHAZ B U 7 f a2 30
TH5IETCIhsDOFEETEML 7=
(B2,

ARBHFE S AR & 0 iHA RO
PHEE A IR > 72 IR E MRS 5 T

kD AT T — 6A DI E L
T B E AR A BT 5 2 L hl
BThb(F1), 7/, HihL 2
120 — TUVRFHFENTHERR, BT
ERZThEThBITE 5720, il
OB ) & A &2, R e A
b Tl b &7z, BRI
%15 mm &9 ik U HHEER &
123\ 100 ol # 0  UakBiic
MtzsZ&%aMRLE (T, 3.
AR & D X 6 % B EEIEEA

WEIZARDEFEHe ARy boaKRy b
vV g VEIEH S LHOE AL,
HEHLIZKRZ <A 5§25 LR n s,
(FRE S A S 2 AED)

Twisted pair

Cross-shaped spacer

Binding tape

Braided shield

Sheath

Twisted pair

Filler (spacer)

Binding tape
Braided shield

)

[Test condition]

Bending radius: 15 mm

Weight: 2 N
Speed: 30 cycles/min

2 mm
X2 R —JIViE
Fig.2 Cross section of developed cable
x®1 BERT-TILOREEME
Table 1 Characteristics of developed cable
Iltem Units Requirement Result
Characteristic
impedance Q 100 = 15 at 500 MHz | 98 ~ 110
Return Loss dB = 15.6 at 500 MHz 18.3
Attenuation dB/8 m| = 67.9 at 500 MHz 8.63
Near-end crosstalk dB = 34.8 at 500 MHz 55.0
Attenuation crosstalk
ratio far-end dB/8 m| = 14.0 at 500 MHz 82.8
Good
Bending test cycles - up to 1
million
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Medical Silicone Cable with Low Friction and High Chemical Resistance

V) 3= IdER SR, iR
wERE, ERES A RS, REES
DHFEME L TRAS FIHE AT 5,
Y a— kY- A (RESE) 12
L7561, r—7r&unzdmd
B EMANOEWIEZF5, EHEAK
W (F— b2 L —7) K EI g
FTHIENTES, L2LAENRLY
a— 3, RMOKEEIZEKD, B
5 L CiEheduv, ERATOHURE A
B, O il 7= K R 3
HDENSIELD B,

IOV LEEREHY ) 3 -
=70 (1) E, r—7IERKIC

Silicone sheath cable

1 EBERYVI-r—-TJIEBBERSMEBR S - T

MEAOKEUH A T Z LiIck->TY
V3 — KA ORGP O [ E % R
L, @O0 MEEFEBLZ (FR1)., #
DR LRI 20 HEOIK FiZD
WU, THARR & B & B T AN AT O
&N & Z s RmkE (K2) &3
&2k, 1RO E D iR
Eii-72%T8, HYBBEOEEM
PVC 7 — 7L &L Lo %
Merrd 2R E O N (R 1), F72,
RPE TR X 5 & & & & a3t
LTy, #iliPVCr —7 L&k L
TEGH P BN L EHRRL 72 (R 1),

KPR FMIE, 2020 12 B X h,

EINAD E & & & S EHBERICHNS
hTna, v a—yofo'hsb
SEEPE - INIREYERE, WTE S M, PG
PEAHMEFE L DD, mil b Y& kA
ATARRAFEENZE, G148 IRIA BRI
WANOEHB TN S, 72, Hill
a4 A EDBGERFH D
WriZ B & 2 DRI e 1, AHEIC
AN D B 728, MRS
HNh=v ) a— 2 — TILORHK
nHIFE NS,

(PEBEGR A = SEAER)

Treated surface layer
(stress-resistant surface
structure)

Silicone sheath layer

K2 Ya-—>v—ZX0OKE SEM &

Fig.1 Medical silicone cable and cable for ultrasound diagnostic

equipment

&1 FEEREOFE

Table 1 Properties of developed product

Fig.2 SEM image of cross-section of silicone sheath

Sliding properties

Coefficient of static friction: less than 0.20 **

*1

Wipe durability

(nonwoven fabric impregnated with chemical solution * 2)

Coefficient of static friction: less than 0.22
(after performing wipe testing 10,000 times

)*4

Chemical resistance *°

Almost no discoloration (color difference 4 E “ab < 2.5**)

Biocompatibility

No cytotoxicity ** (ISO 10993-5)

1 Wipe durability: wipe durability after 10,000 times using a nonwoven fabric impregnated with a chemical solution. Depending on the type of nonwoven

fabric used for wiping and the chemical solution as well as the method of wiping, sliding properties may deteriorate.

*2  Nonwoven fabric impregnated with a chemical solution: nonwoven fabric impregnated with ethanol for disinfection, Sani-Cloth” HB, Soflight™.
Sani-Cloth is a registered trademark or a trademark of PDI, Inc.
Soflight is a registered trademark or a trademark of Asahi Kasei Advance Corporation.

*3  Chemical resistance: ethanol for disinfection and many different disinfectants for medical devices
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Rotation Sensor for Turbocharger

A—FRF¥r—YVr— (UF&—F)
Ty Y Y087 — &AL &
X2 HEPE K LTS, & —F %l
[l X8, Eff L z28xE Ty v vic
XD, ZOEE BHERLBEES &Eb
TS KD PRP RS 5. T D720,
AR EA 1 R v Y — 2 AT
ZHEELEMTETNDA, v —filik
RN ENREE 5 Tnd, HL
4 )8 Tl GMR-IC (Giant Magneto-
Resistive effect-Integrated Circuit) %
W 7= g H mlEd v > — % ERE L
Tk, AHAPEHTE T LY
Y —flifg 2 KRS 5 Z LN TE S, %
ZTGMR-IC # /= v % —DIH
FHEAT - 720

B 1 IZBAFE L7z & — R H ol s v v

Y—%, B 2124 =KADY — ik
i & 78 9, GMR-IC O it k1%
150C D728, W A O PIETIEAE L 7=
225.(200C) IS 2 62 En 6N
RECHEAE S B 0T (40C) (SFEHL 72,
AR IEFy bEL, ZDOF v b
ALY 52 THEOZENLE
GMR-IC THRML 7=, £V H—1 37
NING DY IO, Ty D
[ElHE A BT 5 A%, WA NS RO §
LRROWNAELIT 5 72 0 A%
JE BB B %, s o HLfH 0]
Bl Y v B — OMAIEEEE 1T ~ 3 mm (2
MU, KAXRTEKRA S —REZET
5 ERAEEZ Y ——F y D
T35 mmEL EIZd 30 8»RH 5,
ZZT, HOMATEMATE S &

BriRt >t —

5 GMR-IC #E L, x> I b —
v 3 Ik D GMR-IC OREHIS AR
B EAFE L 72, BhikT v ME
RIZTEHRHAMKEE Br D KE W
Fe-Cr-Co # 3 ® L (F1), ICIZ)H

SHEEERELS Lie, BI3IZT v
b SFEL & B Il & PR o B iR
AV Ialb—va Vv ULERERT,
F+ v 21149 mmET AT ET
H B R AP EE 35 mm DL B Z e § %
TENTERZ, B2y MFEEEL
ELT5Z LISk D RAIEREAE LIS
ZENTESD,

KBATE v — 2 X D BAIZ & — K
PR DO HHIRA & TR 55 Z &
AREE 0, BREIm RICEBKCE B,

(PEBEGI A = S AER)

) ®1 HAMEOZRTE
(235 ™% Table 1 Selection of magnet materials
O: Excellent A : Limited X : Poor
Residual magnetic .
: Post Coercive force
Nut form ﬂUXd?$f”yE” magnetization (kA/m)
(12 mm)
FeCrCo @) 1.3~1.44 @) 42 ~ 54
Neodymium X 1.12~1.48 AN 835~ 1,122
Ferrite X 0.38 ~ 0.49 O 230 ~ 382
1 BEELAEEY—
Fig.1 Developed sensor
- - 47
Compressed air Engine 1,000 6
Turbocharger Exhaust gas _ 45
. = D
ST R 1) U Turbine blade £ 44
43
Intake air =) =) Exhaust § T=6.1mm
| § 42
% 41
. . Sensor GMR-IC c 40
Aluminum housing b= 39 —— D:11.49mm
o 38 —A— D: 13.49 mm
Detection 1 & 57| Terget —@— D: 15.49 mm
distance
Intake air |$ -
Shaft 0 50 100 150 200 250

Magnet Nut

H2 Z—F Dt ¥—EBHME

Fig.2 Sensor mounting position on turbocharger

Aluminum blade

Rotation speed (krpm)

3 Fv MTAICK ZEERR CARKIEEREDRIR (32— 32)
Fig. 3 Relation between rotation speed and sensing distance for

different nut dimensions (simulation)
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Smooth PVD Coating for Precision Press Dies

Tribec® DX

&AW T T, WO
H AW O VE Z RS 5 72012, M
BRWZIZISCTERE LD ) 7 5
VA TR 2 BB B,
T8, Bt pum ~EH mm Oz A
Wil T4 2 35408, nm ¥ Tyl &
sNT Ty AERELATNL, BH
D AW A B IR AR R 2
ALV, 20K LEE S HNEER
ENB /T, 7TEMLT 7 AWM
BReaLy vaEaED LIS, #
WIEAMRHE SR L T, $HD
FHFFmAMER S TE 72,

R E L, 4582 DLC (Diamond-

WV, %72, 5D PVD (Physical Vapor
Deposition) 2 —F 4 ¥ 7 & W53
R BRI EIC & 5 T Rz P ey
Zv oy b (BERT) ArEL, 15
DEFRELE>TLED Z LR, #HME
TREBIZE T, I 53 A1 |2 R
e, FRECZ L,

ZZ7T, By&ETiE, Eioks
KRBTV ZMTHEZEOEMO 3 —
TAVIHMELT, LGS TN
JEEIE 3 A 2 S U, RIECTEMEICER
7z[Tribec*DX] # T L 72 (B 1),
JRE ISR OFEE2ZRK LT, 1 pm
DPICRELTED, E5ICRERY

EEd—F427T

=W R E LA RAT 2 2 &
T, EEORETEEE S, 5
12, BES A A SGET 5 72012, Rk
75 KB E & A TRR S % J4
L7ze 2D728, NMERXVFOIy
VEIZ Y S E S R 5 5 T
(R 2). BT DNRIE 5540 & e
LTHD, PUNETEEN PR
#H94% (R3).

S OFREZEL, % DLC
LT EREEEERLTED,
fe B BREE T C D it A 23 W &
n3b (B4), Tribec DX 11135 5F 1
hThY, WESLAMTH®ZRTOH

Like Carbon) 2 —7 4 ¥ 7 &L T P Y813 0.5 um BUT N0 JI5 L 3 meCES MR SN D,
WA, FARIAMERR ST LHHETH D, £z, Fuy Ty b (BB SEATR)
Analysis area Backscattered
(b) g electron image Cr W |
(@) 1.5 mm <71 mm § R
Tribec®DX S w A
25 N2
28 Bxjposed maiistie
0.5l § 200-um 2mm me Low
Substrate (c) iirgs?:i: | x
= =N o V
& oA xg \ Y
2 oil &
=
200-um ZEm ZEm
9oIn 2 EPMA L& 3/¥ FERBBOEAMIER
Fig.2 EPMA surface analysis of punch tip
1 Tribec”DX O K& IEH#:E (a) K iEH#1E (b) Tribec”DX
() RO Crka—7 17 (a) Scratch test conditions:
Fig.1 Coating structure of Tribec®DX (a) coating structure, Hard metal substrate, loading 1~120 N, .
(b) Tribec®DX, and (c) conventional CrN type coating Scratd? CREED UG, SEE e == AT -
Tribec®DX (1.0 um) 200 um
(a) (b) (c) Conventional DLC coating (0.8 um)
Average thickness: 1.0 um Average thickness: 0.9 um Average thickness: 0.9 pm ‘ ‘
um
~ 20
15 (b) 3 gg Conventional DLC coating
8 25
~ 1.0 é 20
15
4 ~ 05 é 10
o 5 oe®
00 & Tribec"DX
0 1 2 3 4 5 6 7 8 9 10

Scratch distance (mm)
3 Tribec”DX &R IEDIEE 737 D ELE
(a) Tribec"DX (b) fEREIE A (c) fERKEIEB
Fig. 3 Coating thickness distribution for Tribec®DX, conventional
coating (a) Tribec®DX, (b) conventional coating A, and
(c) conventional coating B

4 Tribec®DX &R DLC DR T F vy FREBRIER (@) X7 T v
FIR (b) X7 7 v FRERER

Fig.4 Scratch test results for Tribec®DX and conventional DLC
coating (a) scratch marks, (b) scratch test results
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High-Performance Die Steel for Die Casting with Excellent High-Temperature Strength

ZHD"492

&4 G 2 MDA B4 2 LR
MR, FRIPPR O M A BELRE L L

J& & HAL L 2z PERES DAC 10 I 1L
NTEMEAPEEEL T 5,

7 v o OHEFIRDL & B L R & =
1278 ¥, ZHD492 i DAC-MAGIC

TWb, FHC, ERELST LI &S0 X212, ZHD492 ® 650CiZ¥!T % IR L TIRAD Y 79 VIR B &
=, 7— MbE, ¥ - MO AT % BIIERR X A REHH & it U 22553 4 7R FR L oTED, Eh-fiie — b

E, SRIDBIRILT 2 mROBRE L & 5
F3& T O SR E 23R 5 B,
Z 2T, H&RiE, s ss) &
M 3BT SRR Ak o LA £~
Ot 2 EMAADYESZ LT, JEHIC
T O AR & B A e & B 2
&4 7 Z P& BIHH [ ZHD¥492] %
BHFEL 7=,

X112, @R & oM EN

X Z/Rd. ZHD492 %, H L &miek
DO EERES T d 5 DAC-MAGIC® &

o BRFIE, 300 mm O A i
W L 72 B0 T IS R 3 % e
(A F A b ZERETRIE IR 0> - vy )k
JE235.2°C /min) THANZEDTH
%2, ZOXIBBMAFMHEIIBNT,
ZHD492 i3 DAC-MAGIC & D & &
AR AN Z L AMfERE S T,
3z, HUGESsHBLE & —
N Ty Iab—Yv g ik
2k Blite — 7 5w 2 MR X
Y, ZOFEET 3,000 A 2L F

27y 2 EIRT Z DR Nz,
THhIEERRE 2 ED=ZLi2kD,
27w 7 ORENIR SN 725 RTH
rEION%,

ZHD492 13, mEiiadfs s iR 2 £
fif & — b2 7 v 7P EN 7 E P REs
Tdh 5. BEAMDENALEIZB W Tk —
b Ty o REMEIERT S LT, &
RIEE TROMIK, 44 7 2 5O
EREYE - B O BIZES L, 2 A b
ORI ERWN S 5 Z Ll T& 5,

excERE IC R, 6 U < SR TkBR & 1T - 721, B < 2~ (S IE AR SEARTER)

) = 800
= . <
A =

s o

5 %% " High-performance g 7 ZHD"492

% N steel =

g 2 600 DAC-MAGIC*
b5 2

g @ DAC®

5 2

b0 7]

B | Yy & $ 500

e " = 38 42 44 46 48 50

» High

Toughness

1 ERMEE OB T
Fig. 1 Comparison of DAC® steels

X2

Rockwell C hardness value

650°C TDER5 IBRAERIER

Fig.2 Results of high-temperature tensile test at 650°C

(a)
(@) Test piece (b)
45 HRC 200 pm
Induction Water
heating cooling (b)
Heating to 650°C Cooling to 30-50C 45 HRC 200 um

4 3TRULIEE=FI Ty JHERTD 3,000 1 7ILED
(@) ZHD®492 (b) DAC-MAGIC® DHEEER

Fig.4 Cross-sectional optical micrographs of (a) ZHD®492, and
(b) DAC-MAGIC?® steels tested for 3,000 cycles in the heat-
crack test shown in Fig. 3

3 bE— 77y HBROBIZR (a) Nk (b) SE
Fig. 3 Schematic diagram of heat-crack test during (a) heating,
and (b) cooling
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E—ERBEYAXERIREEB T3 Ni-P mkF
Ni-P Particles with Uniform Size and Shape
NIP-AUP, NISP-AP, NIP, NISP

#
%

Il

A —bFT7 xR ZTLy b PCOD B2 X DERIRD Ni-P fohi 12 #8155 LT Electron Microscope) 1% (K13) 75, #

ZIRREAL 0 EREI L 2 Py, TR W3, 2O Ni-P ki, YH—okift — R A R EBVWEEREAET 5
IZEBW TS EEERERS AT YA T EOHEHIRE 2R E LT3 lumbBFAESNTWE I Enbh
%, ZHIxL, lildRE €Y 2 — (K2, Zol0ETHkIc TE s hz b, F7z, NESMIZONTIE, 2 um

L OPFERFIZIB T, ACF (Anisotropic ORIT1E, B K D TR & T2 30T ORI & [6 & DR o7
Conductive Film) 2 L, #EXHIZ TRNEER, BRL =SB 2 a9 5ETEETETNS (K4),
Pt 2 5N H 5 (B1), ACFIE FIREDT TR T 28ET 2527 502, 1~ 2 um KD Au b >
Ftta RS b D e SRR & 3 R oA RBEEIFRED, LERIBEF T AT Z & TIRIRPU L2 RIS 2
EHET4NLTHD, BHET I UM % ORF A% A TER L T —I2h D, kD —EOEEEFEIHFGTS
YV 2 =)L TACF % HAGAARBITEE T WERIETEE SN S 728, ¥k TLENTES,

BIET, 774 vy FHEEARE FEVAZEGTHHMNTHEEN S, Hy&Ex4~7 1) 7)L0 Ni-P
LT B, S, X6k EEEIEEL HEROITAETCE CHELE ATRE 2 Ni-P % i 71& ACF &, 2020 49 A BUE
IZfEV, ACF ISl & % sk 1 K7 ORRHPAIE 3~ 20 pm TH - 72 FTTIZ—EDEN A — 5 — IR & h
E, ORI, a4 XL 7, RIEOUREHE L K OKIET 2+ T3, SHRIIHRIEN X — 7 — IO
K, B L2 kD 5T B, ZOWIFIZE D, 1~ 20 pm OFFAT 2N A — h — DA B,

Hy &gy A4~71) 7L, WAET LGS WHE L 7 572, SEM (Scanning (A2t AL A~T ) 7I)
(a) | Particle size: 6.7 um (b) | Particle size: 6.8 um

Subsleie Conductive particles

| Pressure and heating |

Insulation properties G

Conauctivity M2 (a) Ni-PBHT & (b) FBRAE Ni SR 0 Hat

Fig. 2 Comparison of (a) Ni-P, and (b) commercially pure Ni particles

1 ACF O#ft/RIE
Fig. 1 ACF (Anisotropic Conductive Film) connection principle

Particle size: 1.0 um o5
Particle size: 2 um
----- Particle size: 6 ym
. 20 | Particle size: 20 um
S
8 15
=
[0}
=
g 10
[T
5
0
0.1 100
1 um Diameter (um)
3 Ni-P ##F D SEM 1% 4 WES
Fig. 3 SEM image of Ni-P particles Fig. 4 Particle size distribution
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60HP #hZ AN /s KEFREE

60HP Air-Cooled Chilled Tower
FIVKE2J—® HICS-602AY

FILRE &Y — 3, HHEEFS — MOMHEERHANOE T 2 HET L7 (K1),

w—fLL, 79 —-2—-0 7 (KX 52— H - WML TEL, Kk 1. Ehe itk
WENC L mH) 2R 52 LTH 2o AITER§ HEL, — M FattkeR1IIT7,
W AN AAR-Z2D= = 2UTH KOZEFEREEFM S 5 KimA &b 2.5 &

(1) BRI AR, Bk o o B i
B EOPERIRI oG & R L, 16k
RO FE 2~ — Z %K) 40% HIlIK$ 5
BEtic kb, =aTh 0 Er o KE
A & RIS DRRE R 72 ) OmHIEES)
AEBLE(E2),
(2) £72, ZZHRFOEFRETm
FUZXHIE S B 720, EEa Ol & R
L, Bositige & Lxe¢ 52 LT,
i FHBR Bt S O FEPH 23 gk L, 43C
T2V T HIEIRE L L7z (R13),
(BB SEAER)

5§ B AKBIGREE TH 5, HPim K L, 2250 (REZ LA b XK
(10 ~ 30°C) OFEEK I K U HEKR WIREZEIC K B8 2RIHT 52220
%ﬁ%m:iéélmﬁwﬁﬁéﬁﬁ RIFHBGE T TR TH %728, %
C1989 KD ARImAF L P& T —, WA AR & RIS O HIBE S & 13

1999$J: DZEmANF L& 7 -0k :iihk%?&@%ﬁ%ﬁ#%%b&@
Fex PG L 7z, ARmRix2m A & g B 720 OWHIBE 23/ & <
T3 LN, B AaMEHE 5Tz,

B 25, BUKOKEEMERS &, ZDRE, K ROFEHIE A0 % T
2 — LB L, WmHIMERED EHRERFI L T2 —F—%, A
BFREELAED 5 TLREIES T - BAR= 2 &< FORT B EAN
Ehd, £/, ANko=— &% DHIE & L T 60HP ko i 7 22 v 1
BT, EHREC UK S A CHERE FIL K &7 — [HICS-602AY | % Fi%

HICS-602AY
(Air cooling)
(New)

HICS-602A
(Air cooling)
(Conventional)

HICS-502W1
(Water cooling)
(Conventional)

Cooling capacity per installation area
(kW/m?)

% Inlet water temperature: 25°C, outlet water temperature: 20°C, dry-bulb: 35°C, WB: 27°C

— 2 EEEY-Y) OSEEE R
im Fig.2 Comparison of cooling capacity per installation area
1 HICS-602AY D41#ER @ 28 HICS-002AY (Now) - -
. = o - ew :

Fig.1 Appearance of HICS-602AY @ 27| 0 HICS-602A (Conventional) ! '
X & 26| : :
®1 EoiF = ) N N B : .
Table 1 Specifications S T L ! !
00 % 24 | i
HICS-602AY HICS-602A 5 E ) :

Product (New) (Conventional) 'E' 23 F E :

Cooling method Air-cooling 2 22| ; :

Fluid Water/antifreeze fluid X 21f : |

Operating environment o = F '
- ~ _ ~ 2| L P N T T
temperature © 10~ 43 10~ 40 % 30 35 40 45
| Capacity | kW 209.3 209.3 ) . o
Performance Flow rate | mé/h 360 36.0 Qperatlng enwronmerlt temperature (dry-bulbﬂ) (C)
Length mm 2,460 (+21 5) 4,400 (+21 5) % Inlet water temperature: 25°C, outlet water temperature: 20°C
Dimensions Width mm 2,200 2,200 o e - -
: : RIEREIC = %
Height mm 3150 3150 . 3 {%}:ﬁ IR R/nnf;éz'_'f &3 r—JH_'_’:_tjj @?’E%

% Inlet water temperature: 25°C, outlet water temperature: 20°C,
dry-bulb temperature: 35°C

Fig. 3 Dependence of maximum refrigerant pressure on operating
environment temperature
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Mass Flow Controller with Semiconductor Diaphragm Pressure Sensor
PS200 ) —X
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b, &H®ERL, 2RI, 8k 7z, BITIZPS200 &) —XICHRAL Y —IREMEEZTS 2Ltk o Tl

BEEBEOEERS THE YA 70— TeHE Iy 3 — PRI E R A X7 (R2), Mok
av bua—3 (LT [MFCJ) i22o0WT =) OFREAREL BB, BEHE Y —D1CH=D DAY
X5 R AEMHENE, RMREM KD WX v =13, ZEHOS S DZAL, HEENZE T < ¥ o foZ{tc

Mo Tngd, ZOEKRIZIDA BN A4 T T T L (BB &, E)ik bB, HEHE VY —TIF, 230D
, HERE Yy —%2HEHLEH WE DR LA 7 7 T 4 (LEKE ZFlb LYo ioZ{boldsox
A MFC (PS200 >V —X) | #BA% L I8 O"HELA 777 LEEEAELT APEFRBL L I RTZ R EF N 1/4,

72 PS200 ¥ ) — X DA E AR 112, B, ZOREIZX > CEIMEYEE M1/B5IZBEEL 22 Ehbh b,
FERMEREA R 1 ITRT, B, RIAENEE 2l X805, MY v — %L 72 PS200
PS200 ¥V =X D& kX AR, ZIEBE i w2 4 7 7 Dy EAGE RN ZEMEER 2 17T,
HAFim a2 Rt Y — O T LREETH D, PEAELE T T v 2 T BRI EME X MFC 2R &
ANy =2 LD EEE R S I SN A EEEOS Ty F v 7 NZHELEMREDVO DO TH D, K

DIZERLIZETHD, £ —VAIE A ADIESTIRI A ATRE L & > T B, REBRIC RO HY S| T 74 v T v 2
N1y —128%bh, MEMS £ifiic & FESRRIERIZ G 5 5 itk o 4 7 BORERES A MFC &k U Tt
% PR E S 2 3 — & R 7 7 MR TEE DAL AN E 7 D EH T b A ERR L 7.

% Z LIk, MFC Oyt R B, 0, EIROMBIE, s KURN% (HYEE7 74 ¥ 7 v 7 Halth)

&£1 PS200 > — XEAKMERE
Table 1 Basic specifications of PS200 series

Model PS200 series
Flow measurment : "
method Differential pressure type

0.005x10° ~ 5x10° m*/min

Flow-rate range (N2) | 11t gas multi range, BIN 10 divisions)

Response time 0.8 s (typically 0.6 s)
Accuracy (N2 T 0,15 of u scale (2 ~ 16% FS)
Control range 0.5 ~ 100% —_—
Valve type Normally closed, piezo valve 20 mm
Operation temperature 15C ~ 50C
Normal pressure type: 230 ~ 700 kPa (abs) 1 PS200 ¥ U — X448

Inlet pressure range | | o pressure type: 140 ~ 700 kPa (abs) Fig.1 Appearance of PS200 Series

Normal pressure type: Vacuum ~ 80 kPa (abs)
Low pressure type: Vacuum ~ 60 kPa (abs)

Outlet pressure range

Proof pressure 1.0 MPa (gauge) AR —— SSEEasey  CNOWeswsw
Pressure measurement + 5kPa 0.060 [[ ol im o, S o X
accuracy - H 1 Existing sensor 1 lo !
T ~ 0048 |1y ™ yariation I '
emperature £1C O oseftt--otEel ol '
measurement accuracy - e O R New sereor 1
Material SUS316L, Ni-Co Alloy, PCTFE T 02 g p 3 :
?E’ 0.012 | e el R 1
= e fral—) A 2 0.000 T * -“‘ “ :
*=2 ﬁﬁ‘.g*a}*{ﬁ,ﬁﬁﬁm‘l‘i@kﬁx 3(2_) 0.012 |1 il *ul
. e, [0}
Table 2 Comparison of flow accuracy long-term stability S 0024 I L. . - .
Product MFC | Long-term stability of flow accuracy (%SetPoint) % -0.036 1' : . :
Set Point| Initial | 2 months | 4 months | 6 months | 8 months | 12 months N B " .
100% | 0.1 | -0.03 | -0.04 | -006 | - | 0.03 10.060, '
= 0072 ot = == = ot = ey e e =
PS200 | 50% |-0.07| -0.07 | -005 | 003 | - 0.03 -0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01 002 0.03 0.04 0.05
10% |-0.35| -033 | -0.33 | 001 | - | -005 Span coeflicient (%/C)
Existi 100% |-0.06 - -0.22 | -0.30 | -0.33 -
product | 50% [-003] - [ 003 [ 021 [ 038 [ - 2 At — R
10% |-006] - 1.04 | 194 | 320 - Fig.2 Comparison of temperature characteristics of pressure sensor
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Variable-Speed Electric Motor Driven Segment Ball Valve

N1 bV ® BUTFWBL
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BEREENEH, ST OREEED
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5ZLhH B,
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T, 2019 4%, H 74w B PHEOE A
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Table 1 Basic specifications
Contents Specifications
Fluid Liquid
Valve material SCS13A
Maximum pressure 1.4 MPa
Typel: 0.3 MPa
Maximum shutoff pressure Type2: 0.5 MPa
Type3, 4: 1.4 MPa
Service temperature 5~80C
Size 100 ~ 200A
Connection JIS 10K flange 1mm
Typel: 1,2, 3, ~ 8 sec
Operation time TYhe: 3. 6. 6. ~ 24 s60 E1 €% =L TO5NE
Typed: 4, 8, 12, ~ 32 sec (a) BISER CREERIZRY) (b) T7 31 > 4 —BREDR
Power supply AC_1 00V, AC200V - Fig.1 Appearance of segment ball valve
Additional features 0plzr%pt)%rgl?_?glq%%n:;(gélsztﬁgggm (a) variable-speed electric motor type, (b) air cylinder type

‘ Center of rotation of disc ‘

‘ Center of valve port ‘

—
~
Body Seat Disc
Open

M2 wTALRR—INILTD

)
). Flow =
>
ks Abnormal
o)
=}
g Intial value
LI = G E
L, —E%—— -% Secular change
A o 8
le]
100 75 50 25 0
Open State of valve (%) Closed
25% Open Closed . . .
3 T AL NR—ILINILTDIRE ML 745
FARAMEAE Fig. 3 Torque characteristics during segment ball valve

Fig.2 Opening and closing mechanism of segment ball valve

operation
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