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Influence of enveloping stressed volume and trochoidal 
interference on durability of gear teeth

1. Local stressed volume (LSV) and Enveloping stressed volume (ESV) of 
material at transmitting power

2. Gear tooth flank failure as function of ESV and trochoidal interference
3. Rag wear and tooth failure as the result of positive feed back system of 

surface failure development

Contents

KBGT �Kubo’s Gear Technologies�
General manager of the Research Institute for 
Applied Sciences, Kyoto    606-8202    Japan     

Aizoh KUBO, Prof.hc.Dr.-Eng.

Driving

Driven

In case of IAE gear & lubricant tester 

That means, small amount of tooth flank 
material on dedendum carries same power 
that large amount of tooth flank material 
on addendum carries.

As the result, damage of dedendum is far 
severer than that of addendum, though the 
contact stress on contacting dedendum 
and addendum is same.

The long addendum engages with rather 
short dedendum.

Very primitive thought !
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Driven tooth

Driving 
tooth

Pitch line
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The contact stress on dedendum and addendum is 
same, but damage of dedendum is far severer than that 
of addendum .

No damage on addendum,     
severer damage on dedendum.

Replica observation
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The tooth flank is not yet damaged, but wear state of addendum and of 
dedendum looks considerablly different.
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High temperature damage

High temperature, 
thin film damage

Hot scuffing
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Initiation of crack at side edge of helical tooth on acute 
angle side

Tooth13

Inside trochoidal interference zone, severe rag wear 
occurs.
The material strength decreases there and crack 
initiate easily.

That surface crack acts as notch and it develops into 
deep macro crack.
A kind of side wall rapture, chipping, also ocurs.

���Driven wheel tooth

Tooth16

1 x 10^6  + (1600N�m) 5.2�10^4 cycles
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Slipping region

Progress of 
subsurface crack

Cut-in region

Position of 
max.damage

Region of rag-wear

Contact 
pressure

Progress of tooth flank failure by IAE gear endurance test

Dedendum

Pitch point

The rag-wear develops in the direction of larger contact stress and violates the cut-
in region inside trochoidal interference zone.  As the result, the depth of cut-in 
region becomes narrower.
Tooth flank out side of rag-wear on the middle of tooth flank near pitch line is 
polished under high contact stress to become mirror like.
At the boundary between the polished flank near pitch line and rag-worn region, 
the tooth flank curvature has inflection point.  Pitting or spalling failure often occurs 
there due to the high contact stress. FOD also often occurs there.

The tooth flank material suffers considerable surface and subsurface fatigue damage.

Inflection point of tooth 
flank curvature (vertical 
line position in this 
picture)

Mirror like polished

Root

Fin

KBGT
Kubo’s Gear Technologies

The durable-capability of tooth flank material changes with run of gear operation, 
mainly due to the surface temperature effect induced.

Tooth flank damage is often the result of the behavior of positive feed-back system 
of surface failure whose factor is ESV and trochoidal interference.
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Crush of wear debris by tooth engagement, and 
tooth flank damage 

A. KUBO, Prof.hc.Dr.Eng.                 aizokubo@hera.eonet.ne.jp
Research Institute for Applied Sciences;     Ooicho 49, Kyoto   606-8202 Japan 
http://www.rias.or.jp/ 
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)*+,-./0-12�3-4�35�26/,�+37�+6.3869�:/,;�/506,�9386�3<6,/0-12�0-86�=/9�</996:>� � ?0� -9�

+6./*96@�A6/,� :6+,-9� -9� 9*9<61:6:� -1� 0=6� 3-4>� �B390� 35�A6/,� :6+,-9� .3869� 5,38� 26/,�

869=-12>� �C6/,�:6+,-9@� 5,38�.319-:6,/+46�</,0-.46�9-D6� 03� E6,F� 5-16@� -10,*:69� +60A661�

612/2-12�0330=�54/1;9�35�26/,9�A-0=�9386�<,3+/+-4-0F�/1:�0330=�54/1;9�.,*9=�-0>��G,*9=�35�

A6/,�:6+,-9�A-0=�612/2-12�0330=�54/1;9�2-E69� .319-:6,/+46� :/8/26� 31� 0=6� 0330=� 54/1;>��

H/86� ;-1:� 35� <=613861/� =/<<619� /493� +F� ,344-12� 6468610� +6/,-129I� � J696/,.=6,� 35�

,344-12�6468610�+6/,-12�/1:�/493�8/.=-16�612-166,�*9-12�+/44�3,�,3446,�+6/,-129�;13A9�

0=-9�<=61386131�9-1.6�/+3*0�K��F6/,9�/1:�8*.=�-1E690-2/0-31�=/9�+661�./,,-6:�3*0�03�

.4/,-5F�0=6�-154*61.6�35�9*.=�.,*9=�35�A6/,�:6+,-9�31�0=6�,64-/+-4-0F�3,�31�0=6�4-56�35�,344-12�

6468610�+6/,-129>��L6/,�:69-216,�3,�612-166,�0=3*2=�:369�130�3,�./1130�0/;6�0=-9�8/4M

6556.0�35�.,*9=�35�A6/,�:6+,-9�-1�.319-:6,/0-31�/0�0=6�<,6:-.0-31�35�43/:�./,,F-12�./</.-0F�

3,�35� 4-56�35�26/,9>� �C-0=�.31E610-31/4�26/,�:69-21�860=3:@�0=-9�90,312� -154*61.6� -9� 130�

0/;61�-1�.319-:6,/0-31>��N=-9�9609�/�4-8-0/0-31�03�0=6�03:/FO9�06.=1-./4�46E64�-1�26/,�:69-21�

53,�<,6:-.0-12�0=6� 43/:�./,,F-12�./</+-4-0F>� � ?1�0=-9�,6<3,0@�8/1F�6E-:61.69� 35� .,*9=� 35�

A6/,�:6+,-9�/1:�0=6�90/06�35�0330=�54/1;�:/8/26�/,6�9=3A1�03�.4/,-5F�0=6�90,312�-154*61.6�

35�.,*9=�35�A6/,�:6+,-9�31�26/,�5/-4*,6>��
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C=61�A6�A/0.=�0330=�54/1;9�35�=6/E-4F�3<6,/06:�26/,9� *1:6,� 93<=-90-./06:� 4-2=0-12@�

A6� 5-1:� 2616,/44F� 93� 8/1F� 0,/.69� 35� .,*9=� 35� 53,6-21� 3+P6.09>� � Q-2>R� 9=3A9� 9*.=� /1�

67/8<46I� 0330=� 54/1;� 35� <4/160� 35� 5-1/4� :,-E6� 35� 4/1:� .3190,*.0-31� 8/.=-16>� � N=3*2=�

<4/90-.� -1:610/0-31� /1:� 9*,5/.6� -,,62*4/,-0F� 35� 0330=� 54/1;� -9� 68<=/9-D6:� +F� 4-2=0-12�

06.=1-S*6�/0�<=3032,/<=@�A6�5-1:@�0=6,6�3..*,,6:�93�90,312�-10,*9-31�35�53,6-21�3+P6.09�

/1:�612/2-12�0330=�54/1;9�.,*9=�0=68�:*,-12�8/.=-16�3<6,/0-31>� �N=6�8390�35� 53,6-21�

3+P6.09�/,6�A6/,�:6+,-9�2616,/06:�+F�0=6�26/,�869=-12>�N=-9�-9�130�/�9<6.-/4�./96@�+*0� -9�

.38831�90/0*9�-1�13,8/4�3<6,/0-31�35�26/,9�-1�/.0*/4�=6/EF�*9/26>��G/96�=/,:616:�0330=�

54/1;�:653,89�<4/90-./44F�/1:�-9�9.,/0.=6:>�

�

���� �

Q-2>R��N330=�54/1;�.,*9=-12�53,6-21�3+P6.09�TQ-1/4�:,-E6�26/,9�35�+*44:3D6,U�
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H3860-869@�P*:2-12�5,38�0=6�,69*409�35�90/1:/,:�./4.*4/0-31�53,�0330=�54/1;�:*,/+-4-0F@�

E6,F�<6.*4-/,�+*0�96,-3*9�0330=�54/1;�5/-4*,6�3..*,9�-1�<,/.0-./4�3<6,/0-31�35�26/,9>��Q-2>V�

9=3A9�316�67/8<46�35�9</44-12�53*1:�-1�26/,+37�3<6,/0-12�A-0=3*0�903<<-12�*1:6,�E6,F�

96E6,6�/0839<=6,-.�068<6,/0*,6�.31:-0-31I���W14F�316�0330=�35�:,-E-12�<-1-31�=/9�96E6,6�

5/-4*,6�/1:�/44�30=6,�0330=�54/1;9�35�0=6�9/86�26/,�/,6�WX>��W1�WX�0330=�54/1;@�/1F�9-219�35�

9*,5/.6� 5/-4*,6� ./1130� +6� 53*1:>� � ?0� -9� 130� ,/0-31/4� 5,38� 0=6� 96196� 35� ./4.*4/0-12� 43/:�

./,,F-12�./</.-0F�35�=-2=�<,6.-9-31�26/,9�0=/0�314F�316�0330=�54/1;�9*556,9�9*.=�/�96E6,6�

9</44-12�3,�./96M.,/9=-12�5/-4*,6>���

�

�

Q-2>V���H6E6,6�9</44-12�53*1:�314F�31�/�0330=�54/1;@�/44�30=6,�54/1;9�35�0=-9�<-1-31�/,6�WX�

Q-2>K� � � � H</44-12� 31� 0330=� 54/1;� 16/,� 9-:6� .310/.0� 4-8-0� 35� /� 0330=� A-0=� 46/:� 53,8��

83:-5-./0-31�35�.,3A1-12�

�

����?1�0=6�./96�35�5-2>K@�9</44-12�3..*,,6:�31�0330=�54/1;�16/,�-09�,-2=0�9-:6�61:>��N=6�26/,�-9�

./96� =/,:616:� /1:� 9=30� <6616:>� � N=6� 0330=� 46/:� 53,8� =/9� .319-:6,/+46� /83*10� 35�

.,3A1-12� 83:-5-./0-31>� � N=6� .310/.0� 90,699� -1:*.6:� /0� 0=/0� <4/.6� -9� 9*,64F� 43A� -1�

.38</,-931�A-0=�0=/0�/0�0=6�8-::46�35�0330=�54/1;>��N=6�0330=�+6/,-12�</006,1�9=-509�/�4-0046�

03�0=6�,-2=0�9-:6@�+*0�0=6�9-:6�6:26�.310/.0�90/F9�-19-:6�WX�46E64>�

Y30=�67/8<469�9=3A@�-5�0=6�5/-46:�0330=�=/9�13�9<6.-/4�.31:-0-31�0=/0�30=6,�0660=�:369�

130� =/E6@� 9*.=� 5/-4*,6� ./969� -1:-./06� 0=/0� 03:/FO9� 0330=� 54/1;� :*,/+-4-0F� ./4.*4/0-31�

860=3:�-9�130�,64-/+46>��N=6�0330=�0=/0�9*556,9�*1-S*6�5/-4*,6�8*90�0=6,653,6�=/E6�9386�

9<6.-/4�.31:-0-31�0=/0�30=6,�0660=�:3�130�=/E6>��Z399-+46�9<6.-/4�.31:-0-31�*1-S*6�/0�0=/0�

0330=�-9��R>�[7-9061.6�35�/+13,8/4�<-0.=�-1�0330=�9</.-12@��V>�B/06,-/4�:656.0@��K>�G,*9=�35�

-10,*:-12� 53,6-21� 3+P6.09>� � � � N=6� .31:-0-31� R>� -9� 0=3*2=0� 03� +6� 130� <399-+46� 5,38� 0=6�

8/.=-1-12�/..*,/.F�35�0=6�26/,>� �N=6�.31:-0-31�V>� -9�/493�=/,:4F�,6/4-90-.@�+6./*96�-5� 0=6�

8/06,-/4�35�0=/0�<,3:*.0-31�430�=/9�:656.09@�8*.=�1*8+6,�35�30=6,�*1-09�8*90�=/E6�0=6�

9/86�;-1:�35�0,3*+46>���N=6�<,39<6.0-E6�./*96�433;9�03�+6�0=6�-068�K>�

� �����	�����
�����

G4396�-1E690-2/0-31�35�0=6�54/;-12�</,0�35�5-2>K@�/�,*++6:�/1:�:,/226:�0,/.6�35�53,6-21�

3+P6.0�A/9�53*1:�5,38�0,3.=3-:/4�-106,56,61.6�D316�03�0=6�/<67�<3-10�35�0=-9�54/;-12>��C6�

./1�/493�5-1:�9386�9.,/0.=-12�/1:�<4/90-.�-1:610/0-31�31�0=-9�:6:61:*8�54/1;@�.5>�5-2>\>���
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Q-2>\��],/2�35�53,6-21�3+P6.0�����������Q-2>^��],/2�/1:�.,*9=�35�53,6-21�3+P6.0�03�8/;6�9</44�

Q-2>^�9=3A9�/130=6,� 67/8<46I� N,/.6� 35� :,/22-12� 35� 53,6-21� 3+P6.0� -9� 3+96,E6:� 5,38�

3*09-:6�35�0330=�.310/.0�,62-31�31�0330=�5-4460>��N=6�-10,*:-12�53,6-21�3+P6.0�A/9�.,*9=6:�

/0� 0=6� /<67� <39-0-31� 35� 54/;-12� 03� :690,3F� 0330=� 54/1;>� � N=696� +30=� 67/8<469� 9=3A@�

-10,*9-31�35�53,6-21�3+P6.09�/1:�.,*9=-12�0=68�-9�0=6�9*9<6.0�35�0=-9�5/-4*,6>�

C=61�A6�,*1�:-9.�8/.=-16�A-0=�./96�=/,:616:�/1:�E6,F�98330=4F�2,3*1:�NZ�8/:6�

5,38�67.644610�=-2=�90,6120=�26/,�8/06,-/4�*1:6,�233:�/1:�.46/1�4*+,-./0-12�.31:-0-31@�

0=6�61:*,/1.6�4-8-0�,6/.=69�./>�K>^�_�\>��LZ/>��?1�9*.=�61:*,/1.6�0690@�A6�./1�5-1:�A=-06�

<=/96@�+*006,54F@� 5-9=�6F6�60.>� -1�0=6�9*+9*,5/.6� 35� 0=6� 06906:� ,3446,>� � N=/0� -1:-./069� 0=6�

90,699�90/06�=/9�,6/.=6:�,6/4�4-8-0�35�61:*,/1.6�5,38�0=6�.319-:6,/0-31�35�860/44*,2-./4�

3+96,E/0-31>��W1�0=6�30=6,�=/1:�0=6�=-2=690�`6,0D-/1�.310/.0�90,699�68<43F6:�-1�<,/.0-./4�

26/,�:69-21�-9�./>�V�LZ/>��N=6,6� -9�83,6�0=/1�K�0-869�:-556,61.6�-1�0,/198-00-12�03,S*6@�

A=61� 0=6� *40-8/06� 4-8-0� 35� 0=6� 61:*,/1.6� 35� 0=6� 8/06,-/4� -9� :6.-:6:� +F� 0=6� -1:*.6:�

.310/.0�90,699�E/4*6�/506,�90/1:/,:�./4.*4/0-31�860=3:�53,�9*,5/.6� :*,/+-4-0F>� �C=61� /�

+,/E6�26/,�:69-216,�960�0=6�4-8-0-12�.310/.0�90,699�E/4*6�3E6,�K�LZ/�/0�26/,�:69-21�*9-12�

.31E610-31/4�./4.*4/0-12�860=3:�53,�43/:�./,,F-12�./</.-0F�35�26/,9@�=6�A-44�9*,64F�=/E6�

0,3*+46�35�26/,�5/-4*,6�9331�-1�<,/.0-./4�26/,�3<6,/0-31>��N=6�S*690-31�-9@�A=/0�-9�0=6�./*96�

35� 0=-9� +-2� :-556,61.6� +60A661� 4/+3M0690-12� ,69*40� *9-12� 9-8<46� NZ� /1:� 0=6� ,69*409� 35�

<,/.0-./4�3<6,/0-31�35�26/,9>� �N=6,6�.3*4:�+6�8/1F�9*9<6.09�53,�0=-9�+-2�:-556,61.6�/1:�

316�35�0=68�-9�-10,*9-31�35�53,6-21�3+P6.09�+60A661�612/2-12�0330=�54/1;9>�

�

Q-2>a��G,*9=�35�53,6-21�3+P6.0�/1:�:/8/26�35�0330=�54/1;�

`6/E-4F� 43/:6:�26/,9�*9*/44F�9*556,9�9386�/83*10�35�0,3.=3-:/4� -106,56,61.6�:*6�03�

+-2� 64/90-.� 0330=� :653,8/0-31� +F� 0,/198-00-12� 43/:@� 0330=� 46/:� 53,8� 83:-5-./0-31� 35�

.,3A1-12�/1:�*16E61�/1:�</,0-/44F�90,312�.310/.0�16/,�0330=�9-:6�61:@�67-9061.6�35�<-0.=�

6,,3,� /1:� *16E61� 0330=� 53,8� :6E-/0-31� /0� 6/.=� 0330=� 60.>� N,3.=3-:/4� -106,56,61.6�

2616,/069�.*0M-1�,62-31�-19-:6�-106,56,61.6�D316>��?10,*:-12�53,6-21�3+P6.09@�A6/,�:6+,-9@�

.344-:6�A-0=�TRU�0=6�-1546.0-31�<3-10�35�0330=�54/1;�.*,E/0*,6�+60A661�94-:-12�,62-31�/1:�

.*0M-1�,62-31�-19-:6�0,3.=3-:/4�-106,56,61.6@��/1:�TVU�/2/-190�0=6�03<�35�,-:26�35�9*,5/.6�
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,3*2=1699�6>2>�35� �2,-1:-12�8/,;@� .5>� 5-2>a>� ��0� 0=/0� .,*9=� 35� 53,6-21� 3+P6.09�A-0=� 0330=�

54/1;9@�9*+9*,5/.6�.,/.;�35061�-1-0-/069�0=6,6�/1:�-0�<,3.66:9� *<A/,:� -19-:6� 0=6� 0330=@�

*9*/44F�+60A661�.3,6�/1:�./96�35�./,+*,-D6:�/1:�=/,:616:�26/,�0330=>� �Q-2>b�9=3A9�/1�

3+96,E6:�<-00-12� -1-0-/0-31� :*6� 03� 0=696� 0A3� ,6/9319� 03� -1:-./06� 0=6� <,39<6,-0F� 35� 0=6�

83:64�35�5-2>a>� � �W5�.3*,96@�9*,5/.6�5/0-2*6�/0�9386� 03<9� 35� 9*,5/.6� ,3*2=1699� /9<6,-0F�

.3*4:�+6�0=6�./*96�35�8-.,3M<-00-12>�

�

Q-2>b��]-556,610�;-1:�35�<-00-12�-1-0-/06:�:*6�03�.,*9=�35�A6/,�:6+,-9�

�

C=61�A6�966�0=6�0330=�54/1;�35�0,/.0-31�26/,�35�<6,931/4�./,�:,-E6�/506,�61:*,/1.6�0690@�

A6�35061�P*:26�6/9-4F@� -0� 433;9�WX>�Y*0�A=61�0=6� 4-2=0-12� -9�A644�/:P*906:�03�68<=/9-D6�

0=6�90/06�35�9*,5/.6�-,,62*4/,-0F@�A6�./1�*9*/44F�966�93�8*.=�9.,/0.=-12@�0,/.6�35�.,*9=�35�

5-16�A6/,�:6+,-9�3E6,�A=346�0330=�54/1;>� � �Q-2>c�9=3A9�/�0F<-./4� 5/-4*,6�3+96,E6:�/0�0=6�

+62-11-12�</,0�35�0330=�612/2-12�35�90,312�=64-./4�:,-E-12�<-1-31>��?19-:6�0=6�.*0M-1�,62-31��

�

Q-2>c��H0/06�35�<-00-12�/1:�9</44-12�-1-0-/06:�:*6�03��.,*9=�35�A6/,�:6+,-9
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������������������������Q-2>d����0330=�0-<�.=-<<-12�:*6�03�.,*9=�35�A6/,�:6+,-9�
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35� 0,3.=3-:/4� -106,56,61.6�D316@�8-.,3<-00-12�:*6�03�8/06,-/4� 5/0-2*6� -9� 3+96,E6:>� � N=6�

-1-0-/0-31� 35� +-2� 9</44-12� -9� 0=3*2=� :*6� 03� 0=6� .,*9=� 35� -10,*:-12� 53,6-21� 3+P6.0� /0� 0=6�

-1546.0-31�<3-10�35�0330=�54/1;@�/0� 0=6� P3-1-12�<3-10�35�.*0M-1� /1:� 94-<<-12� ,62-31� -19-:6�

03,3.=3-:/4�-106,56,61.6�D316>���

�

?1�5-2>d�0=6�<-00-12�4-;6�5/-4*,6�/0�0=6�0330=�0-<�31�*<<6,�,-2=0�</,0�35�0=6�<=3032,/<=�-9�

<6,=/<9�130�0=6�5/-4*,6�:*6�03�8/06,-/4� 5/0-2*6>� � ]3A1A/,:� 5,38� 0=/0� 5/-4*,6� F3*� ./1�

3+96,E6� 0=6� 0,/.6� 35� ,*++-12� /1:�:,/22-12� 35� 53,6-21� 3+P6.0� 31� 0330=� 54/1;>� � H*,64F� /�

53,6-21�3+P6.0�35� .319-:6,/+46� 9-D6� -10,*:6:� +60A661� 0=6� 612/2-12� 0330=� 54/1;9� /1:� -0�

,*++6:� 0=6� 0330=� 54/1;� *1:6,� =-2=� <,699*,6>� � �0� 0=6� 838610� 0=/0� 0=6� 53,6-21� 3+P6.0�

</996:�3E6,�0=6�0330=�0-<�6:26@�0=6�6:26�A/9�,*<0*,6:�/1:�=/9�8/:6�.=-<<-12>�

�

Q-2>R�� �Z/,0-/4� 0330=� +,6/;/26� /9� /� ,69*40� 35� 5/-4*,6� 0,-226,6:� +F� 0=6� .,*9=� 35�

-10,*:-12�53,6-21�3+P6.0�/0�0=6�-1546.0-31�<3-10�35�0330=�54/1;�.*,E/0*,6�

/0�+62-11-12�<3-10�35�.*0M-1�,62-31�-19-:6�0,3.=3-:/4�-106,56,61.6�

Q-2*,6�R��9=3A9�316�5/0/4�,69*40�-1:*.6:�+F�9</44-12�0=/0�-9� 0,-226,6:�+F�0=6�.,*9=�35�

A6/,�:6+,-9�/2/-190�0=6� -1546.0-31�<3-10�35�0330=�54/1;�.*,E/0*,6�/0�0=6� P3-1-12�<3-10�35�

94-<<-12�,62-31�/1:�.*0M-1�,62-31�-19-:6�0,3.=3-:/4� -106,56,61.6� D316I� � N=6� 9*+9*,5/.6�

.,/.;�<,3.66:9�*<A/,:�+60A661�./96�/1:�.3,6�+3*1:/,F�/1:�,6/.=69�5-1/44F�03�0=6�+/.;�

－ 18 －



54/1;�35�0=6�0330=>��N=61�0=6�.,/.;6:�</,0�-9�5/4461M355>��Y69-:69�0=6�+-2�0,-/12*4/,�9</44-12@�

8/1F� <-00-12� /,6� 3+96,E6:� /0� 0=6� -1546.0-31� 4-16� +60A661� 94-<<-12� /1:� .*0M-1� ,62-31�

-19-:6� 0,3.=3-:/4� -106,56,61.6>� � e306� 0=6� 3+9.*,6� 9=/<6� 35� 0=396� <-00-12I� � -0� -9� S*-06�

:-556,610�5,38�0=6�5-2*,6�35�5/0-2*6�<-00-12�3+96,E6:�+F�0=6�6>2>�,3446,M03M,3446,�61:*,/1.6�

0690�35�26/,�8/06,-/4�*1:6,�.46/1�4*+,-./0-12�.31:-0-31>���3*�./1�966�/493�0=6�9/86�90/0*9�

35�3+9.*,6�5-2*,6�35�<-00-12� -1�5-2>b>� � f*:2-12�5,38� 0=/0� 3+9.*,6� 5-2*,6� 35� 0=396� <-00-12@�

0=6F�8*90�+6�-1-0-/06:�+F�.344-9-31�/1:�.,*9=�35�53,6-21�3+P6.09�/0�0=/0�</,0>�

� 	���		�	��		������������������������
�����

���Q-2>RR�9=3A9�/1�67/8<46�35�9</44-12� -1-0-/06:�+F�0=6� .,*9=� 35� -10,*:-12�A6/,� :6+,-9>��

]3A1�A/,:�5,38�0=6�/<67�35�9</446:�</,0�31�0330=�54/1;@�F3*�./1�3+96,E6�0=6�0,/.6�35�

,*++-12� /1:� :,/22-12� 35� -10,*:-12� 53,6-21� 3+P6.0>� � G,*9=� 35� 0=396� 53,6-21� 3+P6.09�

T<6,=/<9�A6/,�:6+,-9U�-1-0-/069�0=6�.,/.;9�03�8/;6�0=-9�9</44-12>�N=6�0,/.6�35�:,/22-12�35�

-10,*:-12�53,6-21�3+P6.09�./1�+6�,6.321-D6:�5,38� 43A6,� 3*09-:6� 35� 0330=� .310/.0� 4-8-0>��

N=61@�9386�;-1:�35�.310/.0�6E-:61.6�8*90�67-90�31�0330=�0-<�35�8/0-12�26/,�0660=>���

Q-2>RV�9=3A9�-0I��WE6,�0=6�.=/856,M9*,5/.6�/0�0330=�0-<�/1:�31�/::61:*8�54/1;�16/,�

0330=�0-<�6:26@�F3*�./1�3+96,E6�9386�94-2=0�<4/90-.�:653,8/0-31@� ->6>� -1:610/0-31�35�3E/4�

53,8@�0=/0�A/9�<,-106:�+F�0=6�90,312�.310/.0�A-0=�.,*9=�35�-10,*:-12�53,6-21�3+P6.0>�N=-9�

26/,�-9�./,+*,-D6:�/1:�S*61.=6:>��N=6�0330=�0-<�-9�E6,F�=/,:�/+3*0�=/,:1699�`JG�aK>��?1�

9<-06�35�0=-9�=/,:1699@�9*.=�3E/4�0,/.6�35�<4/90-.�:653,8/0-31�,68/-19�/1:�-9�3+96,E6:>��?0�

86/19� 0=6� -10,*:-12� 53,6-21� 3+P6.0� -9� 93� 90,3124F� <,6996:� 03� +6� .,*9=6:>� N=6� .310/.0�

8/,;�31�.=/856,�/0�0330=�0-<�86/19�0=/0�0=6�-10,*9-31�35�53,6-21�3+P6.09�3..*,,6:�5,38�

3*09-:6�35�.310/.0/+46�0330=�54/1;�:6.-:6:�+F�-1E34*06�26/,�869=-12�0=63,F>��

  
Q-2>RR���G,*9=�35�-10,*:-12�A6/,�:6+,-9�03�-1-0-/06�9</44-12M355�35�0330=�54/1;�

�

��

Q-2>RV���Z4/90-.�:653,8/0-31�31�0330=�0-<�.=/856,�:*6�03�.,*9=�35�-10,*:-12�53,6-21�3+P6.0�
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��N=6� +6=/E-3*,� 35� A6/,� :6+,-9� 9./006,6:� -1� 26/,� 4*+,-./0-12� 3-4� 433;9� :-556,610� /9�

5*1.0-31�35�-09�9-D6�/1:�A6-2=0�/1:�J6F134:9�1*8+6,>��N=6�.3190-0*0-12�5/.03,�g46120=h�-1�

J6F134:9�1*8+6,�-9�0330=�9-D6�3,�0=6�83:*46@�A=61�A6�:6/4�A-0=�0=6�<=61386131� 35�

-10,*9-31�35�53,6-21�3+P6.09�+60A661�0330=�54/1;9>� �C=61�0=6�:-/8606,�35�:6+,-9� -9� 4699�

0=/1�./>�^��*8@��9*.=�g5-16�:6+,-9h�83E69�/48390�9/86�/9�0=6�543A�35�4*+,-./10>��C=61�0=6�

:-/8606,�35�:6+,-9� -9�/+3*0�9386�R��O9�*8@� �9*.=�g98/44�:6+,-9h�,6.6-E69�.319-:6,/+46�

-154*61.6�35�2,/E-0F@�+*0�9*9<61:6:�-1�4*+,-./10>��C=61�0=6�:-/8606,�35�:6+,-9� -9�/+3*0�

9386�\��O9�*8�3,�4/,26,@��9*.=�g4/,26�:6+,-9h�9-1;9�/1:�<-469�31�0=6�+30038�35�3-4�9*8<�

A-0=-1�9=3,06,�0-86>����

���������

Q-2>RK�H.,/0.=-12�+F�9350�A6/,�:6+,-9��

������������

Q-2>R\��H.,/0.=-12�+F�=/,:@�+,-0046�/1:�5-16�A6/,�:6+,-9��
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N=6�=/,:1699�/1:�:*.0-4-0F�35�A6/,�:6+,-9�=/9�.319-:6,/+46�-154*61.6�31�0=6�:/8/2-12�

90/06�35�9*,5/.69�/.0-12�/9�.,*9=-12MA/44�/2/-190�A6/,�:6+,-9>��N=/0�86/19@�0=6�3*0433;�35�

0330=�54/1;�-9�.319-:6,/+4F�:-556,610�/9�5*1.0-31�35�.=68-./4�.=/,/.06,-90-.9�35�4*+,-./10>��

�9�5*1.0-31�35�;-1:�35�4*+,-./10�/1:�[ZM/::-0-E6@�A=61�A6/,�:6+,-9�-9�=/,:�/1:�+,-0046@�

A6/,�:6+,-9�+6.3869�98/446,�/1:�98/446,�+F�.,*9=-12>�����+,/9-E6�A6/,�35�<,3P6.06:�</,0�

35�9*,5/.6�,3*2=1699�/9<6,-0-69� <,3.66:9� 4-;6� 5,390-12� 3,�8-.,3M<-00-12� 31� 0330=� 54/1;>��

J-:26� 35� 2,-1:-12� 8/,;� /1:� .,/06,� 83*10/-1� 8/:6� +F� .,*9=� 35� 53,6-21� 3+P6.0� -9�

/+,/9-E64F�A3,1>��C=61�0=6�=/,:1699�35�A6/,�:6+,-9�-9�9350�/1:�:*.0-46@�A6/,�:6+,-9�:369�

130�+6.386�98/446,�+F�.,*9=-12I�5-16�/1:�98/44�A6/,�:6+,-9�<4/90-./44F�<*0� 0=68964E69�

03260=6,�03�+6.386�4/,26>��?1�9*.=�./96@�4/,26�-1:610/0-31�/1:�.,/06,�-9�8/:6�+F�.,*9=�35�

53,6-21�3+P6.0>����

Q-2>RK�9=3A9�0=6� 90/06� 35� 9.,/0.=-12� /506,� 61:*,/1.6� 0690
���
� +F� QiL� ,-2� *9-12� 2,3*1:�

26/,9�5,38�RaB1G,^�90664�/1:�26/,�3-4�35�jLKV��A-0=�[ZM/::-0-E6�35�HI�,-.=��>^Kk@� �ZI�

,-.=��>�\k>���N=6�90/06�35�.344-9-31�35�5-16�A6/,�:6+,-9�A-0=�,-:26�35�2,-1:-12�8/,;�9=3A9�

0=/0�0=6�5-16�A6/,�:6+,-9�433;9�03�:690,3F�0=6�03<�35�0=6�,-:269>��?0�433;9�4-;6�8-.,3M<-00-12�

3..*,,-12�/0�0=6�<,3P6.0-31�</,0�35�9*,5/.6�,3*2=1699>��� �e6/,�0=6�2,33E69�35�9.,/0.=-12@�

9386�+4/.;�+/44@�<6,=/<9�86406:�90664@�/,6�53*1:>�

Q-2>R\�9=3A9�0=6�90/06�35�9.,/0.=-12�+F�A6/,�:6+,-9@�=6,6�0=6�[ZM/::-0-E6�35�4*+,-./10�-9�

HI�,-.=��>^Kk@��ZI�<33,��>�Vk>��?10,*:-12�A6/,�:6+,-9�.,*9=69�0=68964E69�-103�5-16,�9-D6>��

G344-9-31�35�5-16�A6/,� :6+,-9�A-0=� ,-:26� 35� 2,-1:-12�8/,;� /493� 3..*,9� /1:� 0330=� 54/1;�

A6/,9�/+,/9-E64F>��?0�433;9�4-;6�E6,F�5-16�8-.,3M<-00-12�3..*,,-12�/0�0=6�<,3P6.0-12�</,0�35�

9*,5/.6�,3*2=1699>���H386�+4/.;�+/449@�<6,=/<9�86406:�90664@�/,6�/493�=6,6�53*1:>�

�

Q-2>R^��G,/06,9@�9.,/0.=-12�/1:�86406:�906649�:*6�03�.,*9=�35�-10,*:-12�A6/,�:6+,-9�

�

Q-2>R^�/1:�5-2>Ra�9=3A�E6,F�:-556,610�3*0433;�35� :/8/26:� 0330=� 54/1;9� 4*+,-./06:� +F�

�NQ�A-0=� [ZM/::-0-E6� 35� HI� ,-.=� �>RVk@� G/I� <33,� �>��^k@� ZI� .3190>� �>�Kk@� /1:� 0=/0�

4*+,-./06:�+F��NQ�A-0=�[ZM/::-0-E6�35�HI�<33,��>�ak@�G/I�,-.=��>�Rk@�ZI�.3190>��>�Kk>���0�

0=-9�61:*,/1.6�0690@�A6�=/E6�<*0�0=6�9/86�A6/,�:6+,-9�0/;61�5,38� .310/8-1/06:� 26/,�

4*+,-./0-12�3-4�35�=6/E-4F�06906:�26/,�+37>��N=6�/83*10�/1:�1/0*,6�35�A6/,�:6+,-9�/::6:�
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-1� 0=6� 4*+,-./10� 35� 0=696� +30=� 06909� A/9� 0=6,653,6� 0=6� 9/86>� � W1� 0330=� 54/1;� 8/1F�

9.,/0.=-12�/,6�,6.321-D6:>���0�9386�<39-0-31@�9*.=�9.,/0.=-12�:690,3F9�,-:26�35�2,-1:-12�

8/,;� +F� .344-9-31� 35� 5-16� 53,6-21� 3+P6.09>� � N=6� ,69*406:� 3*0433;� 35� 0=6� :/8/26:� 0330=�

54/1;�-9�93�:-556,610�+60A661�0=6�./969�35�5-2>R^�/1:�35�5-2>RaI�-1�0=6�./96�35�5-2>R^@�.,*9=�

35�4/,26�53,6-21�3+P6.09�-1:*.69�<4/90-.�:653,8/0-31�35�0330=�54/1;�-1�53,89�35�.,/06,�/1:�

=3,96�9=36>��?0�-1:*.69�/493�.,/.;9�-19-:6�0330=�54/1;>���C6�./1�966�+4/.;�37-:-D6:�90664�/0�

0=6�9-:6�35�:66<�9.,/0.=-12�2,33E69�/1:�31�0=6�.,/06,�83*10/-1>��?1�0=6�./96�35�5-2>Ra@�0=6�

9-D6�35�-10,*:-12�53,6-21�3+P6.0�96689�03�+6�E6,F�4/,26@�0=3*2=�0=6�9-D6�35�A6/,�:6+,-9�<*0�

-1�0=6�4*+,-./10�-9�9/86�/9�0=6�./96�35�5-2>R^>��N=6�/+,/9-E6�A6/,�35�.,/06,�83*10/-1�/1:�

<,3P6.0-12�</,0�35�0330=�54/1;@�->6>�A6/,�35�/9<6,-0F�35�9*,5/.6�,3*2=1699@�-9�E6,F�5-16>��W1�

0=6�+30038�35�.,/06,9@�E6,F�43./4�8640-12�35�0330=�54/1;�3,�8640-12�35�.,*9=6:�A6/,�:6+,-9�

-9�3+96,E6:>��

�

Q-2>Ra����C3,1�.,/06,9�/1:�6E-:61.6�35�86406:�906649�31�0=6�+/9-1�35�.,/06,9�

�
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H*88-12� *<�8*.=� 3+96,E/0-31� 35� 0330=� 54/1;9� 35� =6/E-4F� *96:� 26/,9@� A6� =/E6� 0=6�

53443A-12�-8<,699-31I�0=6�<,32,699�35�0330=�54/1;�A6/,�/9�5*1.0-31�35�3<6,/0-12�0-86�-9�

67<,6996:�+F�0=6�<39-0-E6�566:+/.;�9F9068�/9�9=3A1�-1�5-2>Rb>� �N=6�8390�35�26/,� 4-56� -9�

*1:6,�0=6�90/06�35�5/-4*,6M-1M<,32,699�/1:�:-556,610�;-1:9�35�5/-4*,6�83:69�.=/126�0=6-,�

3A1�2,/:6�+F�8-7-12�0=6-,�5/-4*,6�83:69>�

B69=-12�/1:�.,*9=-12�35�53,6-21�3+P6.09�-1�612/2-12�0330=�54/1;9� -9�96,-3*9�0,-226,�35�

53,0=.38-12�5/0/4� 5/-4*,6>� �N=6�26/,�:69-21�/1:�3<6,/0-31�*1:6,�0=6�,6.321-0-31� 130� 03�

<,3:*.6� A6/,� :6+,-9� -9� E6,F� -8<3,0/10� 03� ,6/4-D6� 4312� 4-56� /1:� ,64-/+46� 26/,� *1-0>��

)*+,-./10�69<6.-/44F�-09�.310/-1-12�[Z�/::-0-E6@�6>2>�<=39<=3,*9@�9*4<=6,@�./4.-*8�60.>�=/9�

.319-:6,/+46�-154*61.6�31�2616,/0-31�/1:�.=/,/.06,-90-.9�35�A6/,�:6+,-9>�

# �	������	��

R>��Q3,6-21�3+P6.09@�8390�35�0=68�/,6�A6/,�:6+,-9@�-10,*:6�+60A661�612/2-12�0330=�54/1;9�

83,6�/9�A6�67<6.06:>�

V>���Q3,6-21�3+P6.09�35�98/44�9-D6�8/;6�/1�/<<6/,/1.6�35�9.,/0.=-12>��N=6�A3,;�35�9.,/0.=M

-12�2616,/069�.319-:6,/+46�=6/0�03�8640�9386�/83*10�35� -10,*:-12�A6/,�:6+,-9�/1:�

35�0330=�54/1;�8/06,-/4>�

－ 22 －



��
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�

K>���G,*9=�35�53,6-21�3+P6.09�35�.319-:6,/+46�9-D69�8/;69�.,/06,�3,�<4/90-.� -1:610/0-31�35�

=3,96M9=36�9=/<6�31�0330=�54/1;>��W1�0=6�+30038�35�.,/06,@�86406:�0330=�54/1;�8/06,-/4�

3,� 86406:� .,*9=6:� A6/,� :6+,-9� -9� 3+96,E6:>� � H3860-869� -8</.0M.,/.;� -9� 53,86:�

/,3*1:�3*09-:6�35�.,/06,�-1�94-:-12�:-,6.0-31>�

\>� � G,/06,�83*10/-1�A6/,9� /+,/9-E64F>� � [Z� /::-0-E6� -1� 0=6� 4*+,-./10@� 6>2>� <=39<=3,*9@�

9*4<=6,�/1:�./49-*8@�=/9�.319-:6,/+46�-154*61.6�31�0=6�5/9=-31�35�0=/0�A6/,>�

^>� � ?0� -9� <6,=/<9� +6./*96@� 0=/0� 0=6� =/,:1699� /1:� :*.0-4-0F� 35� 2616,/06:� A6/,� :6+,-9�

,6.6-E69�90,312�-154*61.69�35�0=696�64686109�

a>� � N=6� -1546.0-31� <3-10� 35� .*,E/0*,6� /0� :6:61:*8� 0330=� 54/1;� -9� 67<396:� 03� .,*9=� 35�

-10,*:-12�A6/,�:6+,-9>��N=/0�</,0�35�0330=�54/1;�-9�0=6,653,6�E6,F�5,/2-46>��N=6�.,*9=�35�

A6/,� :6+,-9� 0=6,653,6� 35061� +6.3869� 0=6� 96,-3*9� ./*96� 35� 0330=� 54/1;� 5/-4*,6� 4-;6�

54/;-12@�9</44-12�3,�./96�.,*9=-12>�

b>���J-:269�35�9*,5/.6�,3*2=1699�35�0330=�54/1;�:*6�03�8/.=-1-12�3,�2,-1:-12��/493�5,/2-46�
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Yoshifumi HIGASHIGAWA1*, Masaki MORITA2 and Masayoshi AKIYAMA3

Experiments have been carried out to clarify the roles of matrix and dispersed NbC particles on the reinforcement of tool 
surface. It was at the end of the last century that outstanding performance in hot metal rolling was reported of the surface layer 
of tool reinforced with coarse NbC particles by Plasma-Transferred-Arc (PTA) welding but little has been investigated on the 
roles of matrix and optimum dispersion of NbC particles. In the present work specimens manufactured by PTA welding using 
NbC particles with different sizes and different fractions were subjected to hot sliding test against medium carbon steel in order 
to investigate the roles of matrix and the NbC particles held in the matrix. The result showed that the matrix is reinforced as 
soon as a small amount of NbC is injected into the welded layer and keeps the constant strength regardless of the increase in the 
fraction of NbC particles. With the increase in the fraction of NbC particles in the welded layer the performance of the surface 
increases linearly. In the previous use of coarse NbC powder was recommended but present result showed that the effect does 
not depend upon the size of NbC powder to be PTA-welded. 
 

NbC, PTA, reinforced tool, hot wear resistance, optimum size of NbC, reinforcement of matrix
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Fig. 1 View of PTA-welding machine and schematic illustration of PTA-welding

 

Fig. 2 Flow chart of specimen manufacturing and 
evaluation
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Fig. 3 PTA

NbC
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Penetration test PT
PT

Fig. 4 Table 
2 2) SUS316L

NbC NbC 60%

Table 1  Conditions of PTA-welding 

Base metal 
Powder 

Size of NbC particle, m 
Weight fraction of 

NbC, %No-1 No-2 
S50C NbC SUS309L Fine : 10~45  Medium 45~75  Coarse : 75~150 20, 40, 60 

Plasma arc  
current, A 

Plasma arc  
volatage, V 

Pre-heating temperature before 
PTA-weldeing, K 

Carrier gas Post-cooling condition 

170 33 423 Ar Slow cooling 

Fig. 3 Schematic illustration of specimen manufacturing by 
PTA-welding and wire-cutting

 
Fig. 4 Examples of inspected PTA-welded surfaces by PT

Table 2 Results of PT on PTA-welded surfaces

NbC, wt% 20 40 60 

Fine 
Medium
Coarse 

With no crack, With small hair crack
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Fig. 9

 
3

Figure 

Fig. 7  Examples of intensity and area fraction of NbC particles in matrix

Fig. 8 Relationship between weight fraction of NbC 
in parent powder and area fraction of NbC 
particles in PTA-welded layer
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Fig. 11 PTA

Fig. 9  Example of influence of load on Vickers 
hardness of matrix 

Fig. 10 Influence of area fraction of NbC particle in 
matrix on Vickers hardness of matrix

Fig. 11 Examples of SEM-EDX images and distribution of elements in PTA welded layer
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Fig. 12 , 
Table 3

980 N
125 mm 1 33
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Fig.
13

NbC
 

Fig. 14

Fig. 12  

Table 3  Conditions of hot wear resistance test 

Base metal
Temperature, K Applied load, N Sliding speed, m/s Sliding distance, m Lubrication 

Size,mm material 

125 30 S45C 1073 980 0.22 600 No lubricant 

－ 31 －



1 2

NbC

NbC
Fig. 14

Fig. 15

5)

Fig. 15 10 50%

PTA NbC
20%

PTA
NbC

NbC
PTA NbC

PTA
NbC

20%
 

NbC
PTA

SEM-EDX

NbC Nb
PTA SUS309L Ni

Cr

Fig. 16
Nb C

O
Cr Ni

Fe NbC
S45C

Nb Fe
O Figure 
13 Fig. 16 NbC

12)

13) NbC

 

Fig. 13 

Fig. 14  

Fig. 15  

－ 32 －



NbC  

PTA NbC

NbC

NbC
NbC

NbC 20%

NbC

NbC

NbC
 

 
1) , , 5 (1987) 28. 
2) K. TSUBOUCHI, M. AKIYAMA & T. OKUYAMA Development and 

Optimization of Carbide- Reinforced Tools and Application to 
Hot Rolling of Stainless Steel, ASME J. Tribology,  (1997) 
687-693. 

3) M. AKIYAMA, K. TSUBOUCHI, T. OKUYAMA & N. SAKAGUCHI
Applications for Plasma Transferred Arc Welded Tools during 
Hot Steel Tube Making, Ironmaking and Steelmaking, , 3 
(2000) 183-188. 

4) K. TSUBOUCHI, M. AKIYAMA & S. TSUMURA Development of 
New Material and Heat Treatment for Tools Ensuring High 
Performance in Hot Seamless Tube Rolling, Materials Science 
and Technology,  (2000) 65-71. 

5) K. TSUBOUCHI, M. AKIYAMA, M. TSUMURA & S. AMANO
Development of a Wear-Resistant Surface Layer for a Tool to be 
Used for High-Temperature Stainless Steel Rolling, Proc. Instn. 
Mech. Engrs., , Part J (1999) 473-480. 

6) 2 , 
 (2000) 176-191. 

7) 
, , , 8 (1991) 1336-1343. 

8) 
, , , 5 (1995) 620-622. 

9) 
, ,  (1995) 37-49. 

10) K. TSUBOUCHI, M. AKIYAMA, E. YAMAMOTO & T. MASE
Development of a New Tool Material to Ensure High 
Performance in Hot Steel Rolling, ASME J. Tribology,  
(1999) 7439-745. 

11)     
,  (1977) 108, 304. 

12) , 
 (2007) 1-16, 95-97. 

13) ,  (1992) 
3-32. 

14) JIS 2 ,  
(2003) 734-739. 

 

Fig. 16  

－ 33 －





 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 





 

 
 

 
IEC/TC90  

 
 

 

 
 

 

IEC/TC90 WG13
WG5 REBCO

RRT
 

WG13 2010

2014 (1)
”Technical Report” (2)

 

n

IEC-TC90
 

2012 2013 REBCO

(3) IEC TC90 (4) ”New 

 

 
 

 
IEC/TC90  

 

 

 
 

 
IEC/TC90  

 

－ 35 －



Work Item Proposal”  
2014 WG5 BSCCO REBCO

MgB2

RRT  
 

 
(1) IEC TR 61788 - 20:2014 Ed.1.0:Superconductivity - Superconducting wires - Categories of 
practical superconducting wires - General Characteristics and guidance. 
(2) IEC 61788 - 21:2015 Ed.1.0:Superconductivity - Superconducting wires - Test methods for 
practical superconducting wires - General Characteristics and guidance,Intl. Standard. 
(3) K Osamura,H-S Shin,K-P Weiss,A Nyilas,A Nijhuis,K Yamamoto,S Machiya and G 
Nishijima;Internationa1 round robin test for mechanical properties of REBCO 
superconductive tapes at room temperature, SUST 27(2014)085009 
(4) IEC 61788 - XX:2015 Ed.1.0 NP: Superconductivity - Mechanical properties measurement 
- Room temperature tensile test on REBCO wires  
 
 

27 5 28  

－ 36 －



 
 

 
 

 

 
 

 
 

 
BSCCO 77 77

 
Type HT-CA( ) Type HT-SS( )

Ni 3-ply Pre-tension
3-ply Type H

Type HT
500MPa

 
4.2K 4.2K 40mm

300m  HT-NX 77K

400MPa
Ic Ic0 40mm

Ic Ic0 99%
98%

95%
400MPa 40mm   

(

 
 

 
 

 

－ 37 －



 

 

 

 
 

 
(1) Takayoshi Nakashima, Kohei Yamazaki, Shinichi Kobayashi, Tomohiro Kagiyama, 
Masashi Kikuchi, Souichirou Takeda, Goro Osabe, Jun Fujikami, and Kozo Osamura Drastic 
Improvement in Mechanical Properties of DI-BSCCO Wire With Novel Lamination Material, 
IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY  Vol25, No.3 (2015) 
6400705 (5pp)  
(2) 2015-088658 
 
 

27 5 28  

－ 38 －



/ 
 

 
 

 
C  

 
 

 

 
 

 

 

50mm 20mm
 

Nb3Sn

/ 
 

 
 

 
C  

 
 

－ 39 －



Nb3Sn Cu-Sn Nb
Ti Nb3Sn

Sn
Sn 9.1at%Sn Ti Sn Cu

Sn Sn
Sn Cu41Sn11 Ti

Sn
Cu-Sn-Ti 

Nb3Sn
Sn

Ti  
3Nup Sn 3Nup Ti (

2.5Nup Cu-10.5at%Sn- 
0.72at%Ti 10mm

(EPMA JXA-8500F) EPMA
15kV 20nA ZAF

15kV 50nA (1000 ) X
X  

Cu-Sn-Ti CuSn3Ti5 CuSnTi ( Ti135 Ti111
) Ti EPMA

Ti Ti
Ti135 Ti111 550ºC Ti135

Ti111 Ti135
9 Ti111

30min 60min Ti111 300min
1440min Ti111

550ºC Ti135 Ti111
550ºC 1440 min Ti111

750ºC Ti135 Ti111
750ºC 30min Ti135 Ti111

100min Ti135 100
550ºC 750ºC

Ti Ti135
Ti111  

－ 40 －



REBa2Cu3O6+x (RE=Y,Gd)

77K
( )  

A,B,C,D REBCO
10cm IEC-61788-XX

I-V
 

77K 0.2%
0.2%

5 77K
77K

 
Ic0

Aa Ic

Icr Ic (1)
(2)

Icr

Ic0

Icr Ic0 Icr/Ic0

Icr/Ic0=0.99 /
 

Icr/Ic0=0.99  
 

 
(1) ; Nb3Sn Ti  

50(2015) 186–193 
(2) ; REBCO 77K 91

2015 88  
27 5 28  

－ 41 －



 
 

 
 

 

 
 

FFHR

ITER  
 

 
ITER Nb3Sn

Nb3Sn
Nb3Sn

 
Nb3Sn Twente

J-PARC TAKUMI

Nb3Sn (210) (211) (321)  
Nb3Sn

T
SnNbA 3

lattice
SnNbA 3

Nb3Sn

)()( 333 AAAAA lattice
SnNb

T
SnNb

local
SnNb += 8.5K Nb3Sn

-0.22%
(210) [210]

 
(Aff force free strain)

Nb3Sn Nb3Sn

Ti-Al-V Cu-Be
0.10% 0.33%  

 
 

 
 

 
 

 

－ 42 －



0.043%
force free strain

 

15.5wt% Nb3Sn 0.9wt%

[111] > [220] > [200]
 

Nb3Sn Nb Cu

 
 

 
Kozo Osamura, Shutaro Machiya, Stefanus Harjo, Tatsushi Nakamoto, Najib Cheggour and 
Arend Nijhuis Local Strain Exerted on Nb3Sn Filaments in an ITER Strand, Supercond. 
Sci.Technol.28(2015),045016(9pp) 
 

 
 27 5 28  

－ 43 －



 
 

 
 
 

 
 

 

 
 

 
 

LED
5μm/pixel~300μm/pixel

 

 

 
 

 
 
 

 

－ 44 －



 
26 University of New South Wales

9 25
26

1000
25

2  

 

 
 

 
(1)Ryo Ogino,Toque Jay Arre,Zhang Pengchang,Ide-Ektessabi Ari;A High Speed 
Dynamic System for Scanning Reflective Surface with Rotating Polarized 
Filter4,Digital Heritage.Progress in Cultural Heritage:Documentation,Preservation, 
and Protection  Volume 8740, pp59-69 
 
 

27 6 2  

－ 45 －



 
 

 
 

 
C  

 
 

 

 
 

 
Navier-Stokes

Galerkin-
SUPG(Streamline Upwind Petrov-Galerkin)/ PSPG(Pressur 

Stabilizing Petrov-Galerkin) GLS Galerkin/Least-Square
method)

GPBi-CG(Generalized Product-type method on Bi-CG)
CRS(Compressed Row Storage) 3

4×4

lid-driven cavity flow
A A-

A
 

 
 

 
 

27 6 24  

－ 46 －



 

 
2011

 
 

 

 
 

 

( ) fuuuu ρμρρ =∇−∇+∇⋅+
∂
∂ 2p

t
(1)

0=⋅∇ u                     (2)

u, p, ρ, μ, f

u, p

( ) 01 =
∂
∂+×∇×∇ −

t
AA σμ                (3)

A, μ, σ 

f

 

=

p

v

u

p

v

u

pppvpu

vpvvvu

upuvuu

AAA
AAA
AAA

b
b
b

x
x
x

           (4)

 A, x, b

u, v, p 
x y

z

(2)

(1)

－ 47 －



App

ppAOO
OIO
OOI

                       (5)

I
O

 

App

App

(1)

( ) fuuuu ρμρρ =∇−∇+∇⋅+
∂
∂ 2p

t
         (6) 

0=⋅∇ u                             (7) 

( ) 0)(1 =×∇×−
∂
∂+×∇×∇ − AuAA

t
σμ  (8)

(2) ( =0  

( ) 01 =×∇×∇ − Aμ                              (9) 

x

y

 
2  

 
1  

 

      (5)

－ 48 －



0  x  L, 0  y  L, 0  z  L 

x, y, z u, v, w

u = 1, v = 0, w = 0  (z = L)  

u = v = w = 0 z
B0

 d  x  L + d,  d  y  L + d,  d  z  L + d 

u, w

 
4

 
5

 
6

 

3  

AMG
AMG  

 

－ 49 －



 
2  

(1)

SA-12-92, 
RM-12-107,pp.77-80, 2012 
(2)M. Shimasaki: A Fourier Analysis of 
Flat Linear Induction Electromagnetic 
Pumps for a Liquid Metal, CEFC2012, 
Poster Session MP1, 2012. 
 

－ 50 －



 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 





 
 

 
 

 
 

 

( )

 

 

 

(1)  

SQUID

E–J
 

(2)  

( 1)

 

( )

 

(3)  

 
 

 
 

 
 

－ 51 －



 

(CESUR)

 

(4)  

26

 

 

 

T. Tsukamoto, T. Mifune, Y. Sogabe, Z. Jiang, T. Nakamura, and N. Amemiya Influence of 

geometrical configurations of HTS Roebel cables on their AC losses ,IEEE Trans.Appl. 

Supercond., Vol.25, No.3,4802005,6,2015 

 

 

 

 

 

 

 

 

－ 52 －



 

 

1  

 

 

 

 

  
 

2  

 

 

27 6 30  

－ 53 －



 
   

 
 

 

 
 

 
 

 
HID

 
 

 
 

HID

COMSOL multiphysics®  
 

1
2 2

3

 
 
 
 
 
 
 
 

 
 

 
   

 

 

 
 

－ 54 －



 
 
 
 
 
 
 
 

4 5

6

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 

 

－ 55 －



 
 

 
(1)

98 8A pp.346-351 2014 
(2) HID

26 ( 47 ) (2014 9 5  
 
 

27 5 7  

－ 56 －



2  
 

 
 

 
 

 
 

 
 

 
25 26

 

 
 

 
 

 

－ 57 －



 

 
 

 

 

 

 
137

 
2 3  

 
4 5   

137.72±0.59
1

137.72±0.59 43 5
2 ±1 8  

 

 
 

 
2038 2015 

 
 

27 5 29  

－ 58 －



 
 

 
 

 
 

 
 
 

 
 

 
 

 

 
 

 
(1) 

57 2014 11 10-12  
(2) 

57 2014 11 10-12  
(3) 

SSI2014 23rd November SS5-8 2014 
(4) 

SSI2014 23rd November SS5-9 2014 
(5) 

SICE 2 2015 3 6  

－ 59 －



(6) 
27 2015 3 25

 
 
 

27 6 29  

－ 60 －



 
 

 
 

 
 

 
ACT  

 
 

 

 
 

 
 

 
 

27 6 29  

－ 61 －



 
 

 

 
 

 
 

 
26

 
 

 

(PC)
 

 
Basal Edge Basal

Edge
HOPG

Edge Edge (GIC)
Edge  

(LIB) ethylene carbonate(EC)
Solid Electrolyte Interface(SEI) Li+

Li+

PC Li+

EC Li+

LIB
 

 
 

 

 
 

 

 
 

 

 
 

 
 

 
 

 

 
 

 

－ 62 －



 
EC  diethyl carbonate(DEC) 1 1 1M LiClO4

LiPF6

LiClO4 80
Ar  

trimethyl phosphate(TMP) triethyl phosphate (TEP)
TMP methyl 2,2,2-trifluoroethyl 2,2,2-trifluoroethyl dimethyl 

phosphate (TFE-DM),bis(2,2,2-trifluoroethyl)methyl phosphate (TFE-M) tris(2,2,2-trifluoroethyl) 
phosphate(TFE) EC-DEC 20  

TMP EC Li+ PC
TEP Li+ EC-DEC-TEP Li+

TEP
 

(SEI)
 

TMP methyl 1 2,2,2-trifluoroethyl TFE-DM 2 TFE-M
TMP methyl TFEP

10  
2,2,2-trifluoroethyl Li+

Li+ Raman  
TMP > TFE-DM > TFE-M > TFE 
TFE EC Li+ TMP methyl

trifluoromethyl O donor
2,2,2-trifluoroethyl

 

SEI
(SEI)  

TFE TMP
trifluoromethyl TFE  

tris(2,2,2-trifluoroethyl)phosphate EC-DEC
LIB

 
 

 

 
 

 

 

－ 63 －



 
 

 
 

Invited Lecture,At Daegu Geonbuk Institute of Science and Technology(2014 10 30 ) 
 
 

27 5 26  

－ 64 －



 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
SiC

10kV

SiC
1 s

 
 

 
SiC (EC) 0.65 eV

(Z1/2 ) n SiC

 
SiC Z1/2 SiC

C

 
Z1/2 Z1/2

DLTS
(EPR)

DLTS EPR
DLTS EPR

100 m negative-U
EPR  

EPR g

(Vc) EPR

 
 

 
 

 
 

 
 

－ 65 －



DLTS Z
12 Vc Z1/2

EPR DLTS
SiC Z1/2

 
Z1/2

SiC SiC Z1/2

 
 
 
 
 
 
 
 
 
 
 
 
 

 EPR    (EPR) Z (DLTS)  
 
 

 
(1)K.Kawahara,X.T.Trinh,N.T.Son,E.Janzen,J.Suda, and T.Kimoto Quantitative 
comparison between Z1/2 center and carbon vacancy in 4H-SiC,J.Appl.Phys.,115,143705/1-6 
(2014).  
(2)T.Okuda, T.Miyazawa, H.Tsuchida, T.Kimoto,and J.Suda Enhancement of carrier lifetime in 
lightly Al-doped p-type 4H-SiC epitaxial layers by combination of thermal oxidation and hydrogen 
annealing, Appl.Phys.Express 7,085501/1-3 (2014). 
(3)T.Kimoto Material science and device physics in SiC technology for high-voltage power 
devices(Invited Review Paper),Jpn.J.Appl.Phys.54, 040103/1-27 (2015). 
(4)T.Kimoto,K.Kawahara,H.Niwa,N.Kaji,and J.Suda Ion implantation technology in SiC 
for power device applications(Plenary), Tech.Digest of IEEE 14th Int. Workshop on Junction 
Technology (Shanghai,2014), p.1-6. 
(5)T.Kimoto, H.Niwa, T.Okuda, N.Kaji, and J.Suda Progress and future challenges in SiC 
material for high-voltage power devices (Invited), American Vacuum Society 62th Int. 
Symp.(Baltimore,2014),S8-2. 

27 3 27  

1013 1014 10151013

1014

1015

[VC
–]MAX determined from [Z1/2]V profile (cm-2)

[V
C

– ] A
 m

ea
su

re
d 

by
 E

P
R

 (c
m

-2
)  (A) 1.8×1016 cm-3

 (B) 3.8×1016 cm-3

 (C) 1.1×1017 cm-3

[VC
–]A = [VC

–]MAX

－ 66 －



 

 
 

 
 

 
 
 

 

 
 

 
(1)  

 
(2)  

300mm 60L 2.0MPaG

1

1500mm
 

 

SUS  
LED LED

LED SUS

 

－ 67 －



 
1  

 
 

(1) Yuki Horie,Yasuyuki Shirai,et.al.; Film boiling heat transfer properties of liquid hydrogen in 
natural convection,Proceedings of ICEC25-ICMC2014 
(2) 

3D-a06 89 (2014 ) 
(3)  MgB2

3D-p06 89 2014  
(4) MgB2

2C-a03 90 (2014 ) 
 
 

27 4 13  

φ766

1625

2422

φ309

LHe

－ 68 －



 
 

 
 

 
 

 

 
  

 

“ ”

(1 )

 (2) (4)
(3) (6)

－ 69 －



(5)
  

BEMS HEMS
 

 
 

(1)
58 6 

pages (2014) 
(2) 58

5pages (2014) 
(3) 58

6pages (2014) 
(4)

Vol.28 No.4 pp.147-154 (2015) 
(5)

pp.56–61 (2015) 
(6)

59 
6pages (2015 ) 
 
 

27 5 8  

－ 70 －



 
 

 
 

 
 
 

 

 
 

 

 

SiC

 

 

 
 

 
(1)Alexandros Kordonis and Takashi Hikihara;Dynamic model of direct matrix converter and its 
experimental validation,Int.J.Circ.Theor.Appl.,Published online in Wiley Online Library (wileyonline 
library.com). DOI: 10.1002/cta.2072(2015) 
(2)R.Takahashi,K.Tashiro, and T.Hikihara;Router for Power Packet Distribution Network:Design and 
Experimental Verification, IEEE Trans. on Smart Grid, Vol.6, No.2, pp.618-626 (2015) 
(3)

SCI'14 212-2-7 (2014.5.22) 
(4)  

 G4-13 (2014.11.24) 

－ 71 －



(5)
NLP2014-139  (2015.1.27) 

(6)
 A-1-15  (2015.3.10) 

(7)Alexandros Kordonis , Ryo Takahashi, Daichi Nishihara, and Takashi Hikihara, Three-Phase 
Power Router and its Operation with Matrix Converter toward Smart-Grid Applications, Energies, 8, 
3034-3046 (2015); doi:10.3390/en8043034. 
 
 

 
27  5 29  

－ 72 －



 

 
 

  
 

 
 
 

 

 
 

  
 

 
 
 

  
 

 
 

Fig.1
G1 100MVA

G4 60Hz
Pinv G1

P1  
G1 Pinv

Fig.1
Fig.1

Fig.2 Idref
K Pinv Pbat
Pout Idref Pbat

 
10[MW] 0[MW]

1 Fig.3
10[MW] 7.5[MW]

 

－ 73 －



 
 
 

 
 

Fig. 1    Fig. 2  
 
 

 

 
  Fig. 3  
 
 

 
(1) PV

4-096 (2015)  
(2) Tsuyoshi Funaki, Akihiro Ohori, and Nobuyuki Hattori Fast and high-precision phase 
detection of positive phase sequence component by three phase PLL with complex coefficient 
filter,The 5th IEEE Conference on Power Electronics for Distributed Generation Systems 
(PEDG2014),NUI Galway,Ireland,June 24-27,2014. 
 
 

27 5 21  

－ 74 －



 
 

 
 

 
 

 
 

 
LAN 802.11ac LAN

802.11ac MIMO

MIMO
 

 
 

LAN MIMO

 

MIMO
 

(DAS: Distributed 
Antenna System)

(CAS: Centralized Antenna 
System)  DAS 

DAS

(i.i.d.)  

 
 

 
 

 

 CAS 
0

DAS

 
 

 
 

 

 
 

 
 

 
 

－ 75 －



 
CAS DAS 

 

CAS

DAS
 

i.i.d.
CAS

DAS DAS CAS
i.i.d. CAS

DAS
 

MIMO DAS
CAS DAS

(SU) (MU)
CAS-MIMO DAS-MIMO

 
 

 
(1)Ou Zhao, Hidekazu Murata Sum rate analysis of ZF receivers in MU-MIMO systems 
under the effects of spatial correlation, , AP2014-2, pp.7-12, 
Apr. 2014. 
(2)Ou Zhao, Hidekazu Murata Effects analysis of spatial correlation on the sum rate 
distribution in MU-MIMO systems, Proceedings of the IEEE 79th Vehicular Technology 
Conference (IEEE VTC 2014 Spring), Seoul, Korea, May 2014. 
 
 

27 5 30  

－ 76 －



 
 

  
 

 
 

 

 
 

 

1

2 1 b

 
3

3 3
 

 
 

(1) Y. Shimizu, O. Yamamoto, H. Morii Control of Surface Charge on Insulating Hollow 
Cylinder by Using Shield-ring in Vacuum, IEEE Transactions on Dielectrics and Electrical 
Insulation, Vol.21, No.3, pp. 1312-1318, 2014. 
(2)R.Yoshida, Y.Yamano, O.Yamamoto, K.Hasegawa, H.Saito, K.Kitakizaki Charge 
distribution characteristics of bottle type insulator with shield ring in vacuum, 3rd 
International Symposium on Discharges and Electrical Insulation in Vacuum (ISDEIV), 
Mumbai, India, pp.73-76, 2014. 
(3)H.Naruse, O.Yamamoto Estimation of flashover voltage along cylindrical insulator in 
vacuum 3rd International Symposium on Discharges and Electrical Insulation in Vacuum 
(ISDEIV), pp.65 – 68, Mumbai, India, 2014. 
(4)H.Naruse, H.Saito, M.Sakaki, O.Yamamoto Flashover mechanisms of bridged vacuum 

－ 77 －



gaps based on cathode electric field measurement, IEEE Transactions on Dielectrics and 
Electrical Insulation, Vol. 22 , Issue: 1, pp. 597 – 603, 2015. 
(5) Takahiro Umemoto, Yusuke Shimizu, Hiroki Naruse, Osamu Yamamoto 3-D SEEA 
Charge Analyses on Surface of Insulators in Vacuum, IEEE Transactions on Dielectrics and 
Electrical Insulation, Vol. 22, Issue 2, pp. 1298-1305, April 2015. 
 

 

1 a= 1mm, 2×10-3 Pa  
 
 
 

 

 
2 20kV  

cathode

anode

shield ring

sensor

guard electrode

48

(mm)

probe

55

55
50

130

12

x

y

z

a

b

Al2O3

vacuum

c

pumpmagnetic  
seal

－ 78 －



 
 
 

3 20 kV  
 
 

27 3 31  

－ 79 －



 
 

 
 

 
 

 
 

 
(BESS)

BESS BESS
BESS

BESS  
 

 
(1)  

LFC BESS LFC BE- 
SS BESS

BESS
 

1 30
PV 2

BESS 120 MW, 48 MWh
 

 
 

 
 
 
 
 
 
 
 

    1                           2 PV  
 

1

2

 
 

 
 

 
 

 
 

－ 80 －



30
 

                                      (1) 
PV

PV 2 PV
PV PV

5
11 13  

(2) BESS  
BESS 18 27

BESS BESS N (10MW ) 
BESS

 
 (BESS

) (BESS ) 
OF

(2)  
  

                                    (2) 
 BESS i

 BESS i  
( 18 27 120MW

BESS ) 1 1

120MW BESS 12
BESS 27 BESS

BESS
 

1  
 
(3)  

BESS
PV

BESS
 

 

－ 81 －



 
(1) LFC

PE(PSE)-14-146 (2014 ) 
(2) BESS

 2015 3  
 
 

27 3 5  

－ 82 －



 
 
 
 
 

 
 

 

 

 

 

 

 

 

 

 

 

 





－ 83 －



MHz

2010 3 http://waves.is.t.kanazawa-u.ac.jp URL

  

JpGU

 

 

(2014) 5 JpGU 25

(AGU) 1990 8 Western Pacific Geophysics Meeting (WPGM) 1

AGU 1989

 

SGEPSS 4

AGU

AGU (WPGM)

AGU AGU

SGEPSS

AGU

AGU

AGU

1989 3

SGEPSS)

4 AGU 9 1990 4

SGEPSS 5 1990 8

WPGM 1077 ( 225 )

4 5

50

 

SGEPSS

WPGM

SGEPSS 191 2007 4  

－ 84 －



 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

27 9  

 

606-8202  49 

 TEL 075-701-3164    FAX 075-701-1217 

 

   





Research Institute for Applied Sciences

　

　
　
　


