










Background Results

Control of Conditions of Finished Surface of 
Alloyed Hot-Dip Galvanized Steel Sheets
Elucidation of alloying reaction inside zinc coating

Research method

X-ray di�raction/scattering

Award for this research: The Japan Institute of Metals Best Paper Award, 
Material Science (2005)

Achievements Role of SPring-8

Clari�cation of growth behavior of an iron-zinc (Fe-Zn) alloyed layer 
in an alloyed hot-dip galvanized steel sheet* by real-time in situ 
observation during the alloying process

Establishment of guidelines for creating a smooth and durable 
coating surface

R&D facility: Sumitomo Metal Industries, Ltd.

*Alloyed hot-dip galvanized steel sheet: Hot-dip galvanized steel sheets are obtained by coating zinc (Zn) over a steel sheet surface.  
These sheets have been used for many years because of their excellent corrosion resistance.  However, small swellings are generated 
under the Zn coating after galvanization, causing the delamination of the coating and the deterioration of weldability.  These problems 
can be solved by changing the Zn coating into an Fe-Zn alloy through heat treatment after hot-dip galvanization.  The thus-obtained 
alloyed hot-dip galvanized steel sheet has been widely used in automobiles in recent years.

The condition of the �nished surface of alloyed 
hot-dip galvanized steel sheets is considerably 
a�ected by the initial formation behavior of Fe-Zn 
intermetallic compounds in the Zn coating.  
Hence, it was necessary to understand the entire 
process of the formation of Fe-Zn intermetallic 
compounds including the initial formation.
Thus far, the observation and measurement had 
been carried out after temporarily cooling a 
heat-treated hot-dip galvanized steel sheet to 
stop the formation of intermetallic compounds in 
the Zn coating.  Therefore, the initial formation 
behavior of intermetallic compounds had not 
been clari�ed.

We succeeded in the real-time in situ observation 
of the process by which Fe-Zn intermetallic 
compounds are grown in the Zn coating of an 
alloyed hot-dip galvanized steel sheet from the 
initial stage using the high-brilliance X-ray at 
SPring-8.
The analysis result of X-ray di�raction pro�les 
obtained in real time revealed that the growth 
rate of Fe-Zn intermetallic compounds depends 
on the di�usion velocity at which Fe atoms are 
mixed with Zn atoms, rather than the rate at 
which Fe atoms react with Zn atoms to form Fe-Zn 
intermetallic compounds, even at the initial stage 
of the growth.  From this result, we established 
guidelines for technologies to control the initial 
stage of the formation of intermetallic compounds, 
which is important for creating smooth coating 
surfaces.

Zn is attached to a continuously moving steel sheet.

Hot-dip galvanizing line

The �gure below shows an SEM cross-sectional image of a Zn 
coating that was cooled in the middle of an alloying reaction.  
Fe-Zn intermetallic compounds are grown on the interface 
between the Zn coating and steel sheet.

Structure inside coating of alloyed hot-dip 
galvanized steel sheet (SEM image)

Formation of the Fe-Zn intermetallic compounds is prevented for 7s after the Zn 
coating melts; then, Fe-Zn intermetallic compounds are formed.  This indicates 
that a small amount of aluminum (Al) added to Zn forms an Fe-Al intermetallic 
compound layer on the interface between the Zn coating and steel sheet, 
preventing the reaction between the two; subsequently, Fe-Zn intermetallic 
compounds form after this Fe-Al intermetallic compound layer disappears.

X-ray di�raction pro�le associated with heating of hot-dip Zn coating

The thickness of the Fe-Zn intermetallic compound layer increases in 
proportion to the square root of time after the melting of the Zn coating 
during the formation process.  This indicates that the growth rate of the 
Fe-Zn intermetallic compounds is determined by the di�usion velocity of Fe 
atoms being mixed with Zn atoms.

Formation behavior of Fe-Zn intermetallic compound
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δ1 phase: Intermetallic compound with composition of FeZn7 or FeZn10

ζ phase:  Intermetallic compound with composition of FeZn13

Beamline used at SPring-8: Engineering Science Research I (BL19B2)
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Background Results

In-Vacuum Undulator Developed in Japan
Highly e�cient production of the world’s greatest synchrotron radiation

SPring-8 and SACLA

Achievements Role of SPring-8

Realization of the world’s �rst in-vacuum undulator* to produce 
high-brilliance synchrotron radiation at SPring-8
Production and export of in-vacuum undulators to countries including 
the United States, Australia, Switzerland, and Korea
Application of in-vacuum undulators to the X-ray free electron 
laser (XFEL)**, an extremely intense new light, and successful 
oscillation of an X-ray laser at SACLA

R&D facility: RIKEN and others

*In-vacuum undulator: Synchrotron radiation is generated when an electron beam traveling nearly at the speed of light is bent using a magnet.  
This is achieved using an undulator.  Magnets are placed outside the vacuum tank in conventional undulators.  In contrast, magnets are placed 
inside the vacuum tank in in-vacuum undulators, enabling us to place the magnets closer to the electron beam to apply high-intensity magnetic 
�elds.  It is thus possible to generate high-brilliance X-rays in a highly e�cient way.
**X-ray free electron laser (XFEL): A new laser in the X-ray region produced arti�cially.  An accelerated high-quality electron beam injected into 
an in-vacuum undulator generates X-rays, and the interaction between the X-rays and the electrons in the in-vacuum undulator produces the XFEL. 
The XFEL is a billion times brighter than the X-rays of SPring-8 in speci�c ranges of wavelength.  More detailed structures of materials, for example, 
the structures of proteins will hopefully be observed.  

Undulators must be designed to have a short 
period length of a series of magnets to obtain 
short-wavelength high-brilliance X-rays.  It is also 
necessary to narrow the vertical gap between 
magnets to achieve the magnetic �eld required.  
However, narrowing the vertical gap in conventional 
undulators is di�cult because the vacuum tank is 
placed between magnets.  In-vacuum undulators 
were developed to solve this problem.
It is possible to narrow the vertical gap to as short 
as possible unless the electron beam is blocked, 
because a line of magnets is placed inside the 
vacuum tank in in-vacuum undulators.

However, we had to wait for cutting-edge technology 
to be developed, such as the realization of a high 
degree of vacuum and a means of preventing the 
dissipation of magnetic forces, to put in-vacuum 
undulators into practice.  A pilot in-vacuum undulator 
was developed at the High Energy Physics Laboratory 
(currently, High Energy Accelerator Research 
Organization) in Tsukuba, Ibaraki, in 1990.  A full-scale 
in-vacuum modulator was also introduced at 
SPring-8, which has equipment for generating the 
world’s highest-level X-rays with short wavelengths 
and high brilliance.  Currently, 27 undulators are 
running at SPring-8.  One of these undulators is 25 m 
long, making it the world’s largest undulator, 
although most of them are 4.5 m long.
In-vacuum undulators have also started to be used in 
medium-sized synchrotron radiation facilities 
because of their capability to generate X-rays even 
at low electron energy.

An electron beam is introduced between two rows of 
magnets, with the appearance of a harmonica, whose 
N and S poles are alternately aligned.  The electron beam 
traveling in the magnetic �elds periodically meanders, 
and synchrotron radiation is generated each time the 
beam direction changes.  A high-brilliance light with a 
speci�c wavelength is produced by making the 
synchrotron radiations thus generated interfere with 
themselves.

Mechanism of in-vacuum undulator
(Vacuum tank removed)

Undulator for XFEL

Conventional undulator In-vacuum undulator
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In-vacuum undulators manufactured in Japan have 
been exported since around 2000.  Some undulators 
around the world have also been developed 
whose designs 
were based on 
these Japanese 
models.

Japanese in-vacuum undulators playing 
active roles around the world
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Future Expansion of Industrial Applications of 
SPring-8 and Improvement of Its E�ects

SPring-8 was constructed at a great cost of about 
110 billion yen in 1997 and has an annual 
maintenance cost of about 8.5 billion yen.  Large 
facilities such as this have a major responsibility to 
maximize the use of their technologies, not only 
at the frontier of scienti�c research, but also for 
industry.  A coordinating system was introduced 
in FY 2000 to promote the use of SPring-8 for 
industrial applications.  Then, a public beamline 
specialized for industrial applications became 
operational in FY 2001 (3 beamlines are operational 
at present), and the Industrial Application Division 
was established in FY 2005.  In addition, SPring-8 
o�ered a program for trial users (attempted in FY 
2002, systemized in FY 2003-2005) as well as a 
program for the strategic use of the large 
cutting-edge research facilities (FY 2005-2006).
The industrial applications of SPring-8 have 
expanded yearly as shown in the �gures owing to 
the improvement of the facility and its systems 
and the implementation of programs, achieving 
high accessibility for 167 companies and 3471 
users in 2010.  Not only has the number of users 
increased, but we have also seen users from new 
kinds of industry during this period.  There is still, 
we believe, room to explore new pro�table uses of 
SPring-8.  In addition, we are not only promoting 
the use of our established measurement technology 
for industry, but are also actively promoting the 

development of essential new measurement 
technology and attempting to breach the frontiers 
of current industrial technologies through 
collaboration with top academic institutions.
If you are interested in or wish to know more 
about the industrial applications of SPring-8, 
please visit our website (http://www.spring8.or.jp), 
where you can �nd many examples of industrial 
applications.  If you wish to use SPring-8 or �nd 
out whether the measurements you require are 
possible, please contact our coordinators in the 
Industrial Application Division (Phone: +81-(0) 
791-58-0924, E-mail: support@spring8.or.jp).  They 
will help you use our facility if you are unfamiliar 
with the use of synchrotron radiation.  We hope 
that you will make active use of our facilities.
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Number of private companies carrying out 
research proposals and total number of users

Data on the research proposals carried out using public and 
contract beamlines

Number of companies carrying out research proposals 
(including cooperative researchers in private companies)

Number of users
who visited from companies carrying out research proposals

Publication: RIKEN and Japan Synchrotron Radiation Research Institute          Editing: Public Relations O�ce, Japan Synchrotron Radiation Research Institute
Production assistance: Sci-tech Communications          Design: Takada O�ce          Photographs: Shuichi Yuri
Photos and images provided by: Toyota Motor Corporation; Daihatsu Motor Co., Ltd.; Sumitomo Rubber Industries; Kao Corporation; Kracie Home Products, Ltd.; Ezaki 
Glico Co., Ltd.; Nakashima Medical Co., Ltd.; Ozeki Chemical Industry Co., Ltd.; Asahi Kasei Corporation; Asahi Kasei Construction Materials Corporation; Fujitsu 
Laboratories Limited; Sumitomo Electric Industries, Ltd.; GS Yuasa Corporation; Toshiba Corporation; NEC Corporation; Hitachi Displays, Ltd.; Nissan Chemical Industries, 
Ltd.; Corporate Research & Development Lab. of Sumitomo Metal Industries, Ltd.; RIKEN

Companies

Used directly by 167 companies in 2010

Year

People

Used directly by a total of 3471 people in 2010

Year

200

150

100

50

0
2000 01 02 03 04 05 06 07 08 09 10

2500

3000

2000

1500

1000

500

0

3500

4000

072000 01 02 03 04 05 06 08 09 10

Public beamline only

Both

Contract 
beamline only

Public beamline only

Both

Contract 
beamline only

44 45



RIKEN Harima Institute
phone +81-(0)791-58-0808  http://www.harima.riken.jp/

Registered Institution for Promoting Synchrotron Radiation Research
Japan Synchrotron Radiation Research Institute (JASRI)
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