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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

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

�������������������	�������
�

Traction gear of automotive power transmission

��������	
� ��
���������

��������	
� ��
���������

����

�
���
����
����	�����
	��

－ 5－



The tooth flank is not yet damaged, but wear state of addendum and of 
dedendum looks considerablly different.
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Very primitive 
thought !
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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/,�
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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�
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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>�
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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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����������������������������������������������������������������������

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�+/.;�
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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>�

�
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�����


���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��

－ 20 －



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>�
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Q-2>Rb���Z39-0-E6�566:+/.;�9F9068�53,�:6E643<8610�35�26/,�0330=�54/1;�5/-4*,6�

�

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�
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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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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

－ 29 －



10 NbC
320HV 420HV

NbC 0%
SUS309L

220HV NbC

320HV NbC 40%

NbC
NbC NbC

NbC
NbC

NbC

NbC
40%

NbC

NbC
NbC

1600
NbC 217011)

NbC  

SEM SEM-EDX
NbC 60%

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

Fig. 12

 

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 
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