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Iron)making"Process:"high"temp.,"in"gas,"@"non)equilibrium"�
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X-ray�

øheaIngþ�RT�1773K%

%%%%%%%%%%%%%%%%%%%in"air,"He/H2,"He/O2,..%
%%%%½%%%%%%%%%%%%+40°/min,%cooling%?50°/min%

Kimura"et#al,"CAMP)ISIJ,"25,175(2012)."
Kimura"et#al,"ISIJ"Int.,"53,No.12(2013)."

Typical""condiIons:"
 ø�Exposure"Ime:"2?20s%
" "

Quick-XRD�

Sample

Thermo
+Couple

Pt heater

X+ray

5"mm�

ø�2θ =23.5ÿ46.5°"
ø�λ ="0.1779"nm"(ÿCo"Kα)"
ø�Beam"size""0.5mmHx1mmV"

�

øSpecimen:"powder,"pellet,"sheet"
øIn"solid"&"liquid"
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In%situ%observaEon%of%sintering%by%“Quick?XRD”%
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Microstructure"changes"in"liquid)phase"sintering�
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Cooling"
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Kimura"et#al,"ISIJ"Int.,"53,No.12(2013)."
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Reduction of iron-ore sinters: motivation�
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¼High%reducibility%&%low%reducEon%degradaEon%in%a%blast%furnace%

¼Analysis%of%%quenched%:%chemical%composiEon,%microstructure%%%%

¼Few%in#situ#observaEon%
%%%%%%%%%%%%%%Bristow%and%Water%(BHP,%Trans.%Instn%Min.%Metall.,%100,%C1,%1991%)%

200"µm�
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¼ReacEon%kineEcs:%

%%%%%%%%%%%%%%%%%?%%in%terms%of%crystal%structures%%
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¼%Heterogeneity%in%reducEon%
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Radial"DistribuIon"by"XAFS"(X)ray"AbsorpIon"Fine"Structures)"

○Exp. Setup 
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○Principle 
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XAFS XANES 

A 

The continuous energy scanning mode 
allows flexible adjustment of the 
experimental time-resolution during fast 
measurements  

Quick)XAFS�Time resolution < few sec. 

TC

specimen

gas
inlet

rod heater

X-ray windowX-ray beam

10 mm

gas
outlet

cooling water

reaction gas

Up"to"950"C"
"in"gas�

Kimura"et"al,"2013�
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α-Fe2O3� FeO�Fe3O4�

CF:CaOøFe2O3 

Fe O - (6��) O - (8��) Ca 

Fe2+
 

Fe3+
 

Fe2+
 

Fe3+
 

Crystal structures of Ca-Fe-O composing sinters�

5.7 g/cm³�5.17 g/cm3�5.24 g/cm3�

Fe3+
 

Ca2+
 

Reaction rate: 
½½��Fe2+ or Fe3+ &½atomic configuration  
½½�� ªª©§µ´�±ª�Ca 
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Reduction of CaFe2O4�

Time
(t /min)

Rate constant
 (min-1)

0-5 ��-� Fe(�) � Fe(�)
5-20 ��-0 Fe(�) � Fe(0)

Isosbestic points : 0-5min

��-�=1.2
5-20min

��-0 =0.21
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Fe(�)

Fe(�)

Fe(0)

Change"in"local"structures�
ÁFe)OÂ� ÁFe)FeÂ�

Change"in"chemical"states�

Ca�

Reaction rates: 
½✓ Fe2+ or Fe3+  
½✓ atomic configuration (arrangement, diffusion) 
½✓ Fe cluster formation w/ Ca 

Fe3+
 

Ca2+
 

Kimura"et#al,"J.Phys."Conf."Ser.,"Vol.190%012163"(2009)"
Kimura"et#al,"J.Phys."Conf."Ser.,"Vol.%712%(2016)"012077."""
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Summary of reduction kinetics �
Reaction rate: 
½✓Fe2+ or Fe3+ , and atomic configuration ½ 
½✓neighboring Ca2+  
 

Fe2O3

Fe3O4

FeO

Time t/min.

Fe(�)�Fe(0)
k�-0 =0.19min-1

Fe(�)�Fe(�)

Fe(�)�Fe(0)
k�-0 =0.56min-1

k�-0 =0.21min-1

Fe(�)�Fe(0)

0.5 5

Fe(�)�Fe(0)
k�-0 =0.21min-1

3

CaFe2O4

Fe(��)

k�-� =1.2min-1

Fe(�)
�Fe(�)

2010

k�-��2.0min-1

Incubation
period

k�-� =1.5min-1

Fe(�)�Fe(�)

✓reaction ra
tes 

　　　intrinsic to
 each pha

se 

✓bulk sinter
s ? 

Kimura"et#al,"J.Phys."Conf."Ser.,"Vol.190%012163"(2009)"
Kimura"et#al,"J.Phys."Conf."Ser.,"Vol.%712%(2016)"012077."""



Chemical-state mapping at PF, BL-15A1 
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�%�#&" && $#���%�)�
KEK,"IMASM,"2014�

  for chemical state mapping w/ 20um beam 
・～2013: designed 
      2014: commissioning exp. 
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Chemical state of Fe 

CSFe 

250"μm�

→ FeII 

FeII+FeIII  

→ FeIII 

corresponding  
 to  Fe3O4 

Chemical state ＆ Microstructure 



By PF
7"m�

Undulator�

Experimental"hutch�
PF)AR"Storage"ring�

PF)AR"ring"
"(6.5"GeV)"
�

¼Microstructures%and%chemical%states%by%AXS%%%

%%%%%%%%%%%%%

OTXNX:"In"Operando"Transmission"X)ray"Nanoscopy"for"3)dimensional"chemical"imaging"�

¼In%situ%:%applied%stress%&%high%temperartue%

Xs�=�J
½ÄÕÒ½"
½½½Þïò÷ìäåéð"

ø�Z�ßå�"W�"
ø8Ê9×):�"
ø\]/y�`(�"

In#situ#

TXM"

3D"imaging""
"of"chemical"states""

ôÛÚÜë#�"

¡¶®®�ª­©®¨�¤�¡¢��£�
�ª±³�¯­§³±´µ³¶§µ¶³©���§¬©¯­§¥®�´µ¥µ©�¯¥²²­°«�

✓Morphology 
✓Stress mapping 
✓Chemical state mapping 

w/"<50nm"resoluIon""

cv
�

cv�

What"can"we"expect"to"obtain"w/"XAFS)CT"?�

Chemical state of Fe 

 

250um�

2D"@"BL)15A"

Morphology (3D) 
+ Chemical state (1D) 
→ powerful for heterogeneity 
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Chemical state of Fe 

Chemical state ＆ Microstructure 

Chemical state of Fe 
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PrecipitaIon"of"NaCl""ú@elementary"schoolû�

http://www2e.biglobe.ne.jp/~shinzo/jikken/NaCl_cubic/NaCl_cubic.html"
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Grain"Growth"

～10μm ～1cm 



放射光トポグラフによる単結晶粒・歪み分布の測定 

Sample
SR X-ray

Topography Image

放射光の高平行性を利用した
  結晶の微細な差異のイメージング

X-ray topography for imaging of grain & strain 

レーザー
   照射部
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In#situ#observaIon"of"recrystallizaIon"by"SR"

T=980 to 1060℃ 
Reference: Y.Ushigami et al.,Grain Growth in Polycrystalline 
MAterials III(ed. H. Weiland et al., The Mineras, Metals & 
Materials Society), p.491, 1998#

Recrystallization 

Recrystallization is NOT 
 uniform nor steady. 
  

    >pinning 
        

>grain orientation 

>formation of 
    sub- grainboundary 

1mm 
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DiffracIon"Contrast"Imaging"

Figure"1:"(a)"SchemaIc"of"DiffracIon"Contrast"Imaging."(b)"
DiffracIon"paqerns"from"two"different"Ti)alloy"samples:"(top)"
a"sample"with"a"few"relaIvely"large"grains"has"a"paqern"with"
few"large"lines,"and"(boqom)"a"sample"with"many"small"
grains"has"a"paqern"with"short"lines"closely"spaced."(c)"Laue)
focusing"effect"in"which"a"crystal"grain"acts"as"a"cylindrical"
lens"focusing"polychromaIc"and"divergent"X)ray"beam"into"a"
line"instead"of"spots"in"the"diffracIon"paqern."(d)"Enlarged"
area"from"(c)"showing"the"energy"gradient"across"the"
diffracIng"grain.""
�

C."Holzner"et"al.,""
Microscopy"Today"24"(2016)"34."

Laue-focusing effect: 
A crystal grain acts as a cylindrical lens  
focusing polychromatic and divergent X-ray beam  
into a line instead of spots in the diffraction pattern�

Schematic of Diffraction Contrast Imaging�

Ti-alloy  
with a few relatively large grains�

Ti-alloy  
with many small grains�
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Grain"size"distribuIon"
C."Holzner"et"al.,"Microscopy"Today"24"(2016)"34."



Model for Recrystallization 

€ 

K = E2nd
GB /Eprimary

GB

α: geometrical factor!
M: Mobility!
P: Total driving force!
!
Z: Zener term (pinning)!
γ : G.B. Energy!
�

Shrinking force: P2  
Pinning force: P3  

Driving force: P1  

Secondary recrystallized grains 

Primary recrystallized grains 

€ 

dR
dt

=αMP

P1 P2 P3 

€ 

= Mγ( α
Rc

−
αK
R

−KZ)M 
M 

Reference: Y.Ushigami et al.,Grain Growth in Polycrystalline 
Materials III(ed. H. Weiland et al., The Mineras, Metals & 
Materials Society), p.491, 1998#

Sensitive to  
local texture ! 

→プロセス設計指針 

Heterogeneity  

 of recrystallization ?�
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Absorp'on)Image)at)E"="En� Chemical))state)(2D)+)E)�

E"=
"E" 1�

E" 2�

E" n�

En
erg
y �

Ab
so
rp
-o

n�

Chemical))state)(3D)+)E)�

t"=)
t" 1�

t" 2�

t" n�

Time)evolu'on)of))
Chemical))state)(3D)+)E"+"t)�

Time"evolu-on"�

Quick"mode"(ms�s)�

3D"mode"(10s�min)�Full"mode"(10s�min)"×"reac-on"-me�

(a)� (b)�

(c)�(d)�

"
ÃØ�DÙ"
100×100×100Ð�T�Ð�&"
��&Ì�ΔE#=100åéèî,"Δt#=100åéèî"
üËÐo[.ÐêùçùãÛæ:1010=10GÏÎØ"
"
ÆÖÏi��~xÙÃÅØÉÔÏ1000×1000×1000Ð
��Ì[.ÇÉÍÈØÍ¾"
êùçãÛæÑ1013=10TÏÎØ.�
�

¿�>M	À¿G�À¿�[ÀÏ¿i�ÐheterogeneityÀ�"
½½½½½½½½½½½½½½½½½½½½½½½½½½½½Ù�ÔÉýT�}/�
�



����\|W>MNJg��

�*^�P.�R�r+-@py��<v`>;=�

����MNJHG0N�/#"1""�

.��f�5Z]{}����2�k����������@�k.�l�

�.��f�5k�Ti����2���@qk��

�

.^z�py@USt�V-��2Q�@���
�

3Y�4� 3gs4�

_[�7�c~�

_[�8�c~�

反応
条件
 

T = T1,  
P = P1, …�

T = T2,  
P = P2, …�

時間 t = t1� t = t2� t = t3�

計測 

組織       　 

化学状態       　 

�	��hol@�
 ����'�@�9�
�

ma�

Y�=@eR�

m2!"SPring)8KDR�Ð~OÏ;jË�nf-eh
/"
m5!"SPring)8�l�aAzöùáäñèî½½@"Jul."22,"2016,½AP�5�

IL�U�"

Acknowledgements"

Dr."Yijin"@"SSRL,"USA"

SIP)SM4I"(SIP$îõ¿�EdR�KDÀ)"

EF���(Q)½L2_,¾�bug"

N�+-�AIMR½73{k¾+P�7"

��ehw"

�Ýíe/^�R�f-eh@úPFû½V6Yc¾�v1�¾�4'�"

Carl"Zeiss½C."Holzner"

���


