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=3 2  �����,÷)*

Pre load F0 [N] 98.0 

Load F [kN] 0.59, 0.98, 1.47 

Maximum loading time [s] 2.0 

Holding time of load [s] 1.0810.0 

Sampling interval [s] 0.02 

Indenter type  

Cone or Sphere 

120° cone  

Sphere; diameter 1.59, 3.18, 6.35 mm 

����� ��	
���

Electric micrometer�
(Displacement sensor)�

Indenter shaft�

Indenter 

Test piece 

Load cell 

Anvil block 
�

Stationary 
plate 

Indenter shaft�

 Indenter unit

   Test piece

Load cell unit

  Anvil block
�

<3 3Ô ,÷ST�XY

Stationary 
plate

Electric 
micrometer�
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Apparatus Specification 

Load cell 
KYOWA E. I. Co., Ltd. 

Model number; LMR-S-2KNSA2 
Maximum load capacity; 2kN 

Displacement sensor  
CITIZEN SEIMITSU Co., Ltd. 

Model number; EM-SA1R, DTH-P20H

Prove head; φ2 mm sphere 
Measuring properties 

Force; 0.169 N, Repeatability; 0.3 μm, 
Range; ± 0.7 mm 

Data logger 
HIOKI E.E. Co., Ltd. 

Model number; 8430 
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Hook

Dial gauge 
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Anvil block 

Indenter shaft 

Measuring point

Lifting handle
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xx�
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rhS π2= Ô Ô Ô Ô Ô Ô Ô Ô Ô Ô Ô Ô Ô Ô Ô Ô Ô Ô Ô Ô Ô Ô Ô Ô Ô Ô Ô Ô Ô   (1) 

(a) Sphere 1.59 mm    Ô Ô Ô Ô Ô Ô Ô (b) Cone 120\

Ô Ô Ô Ô Ô Ô Ô <3 }  �®�0#EÔ �� S45C 

0.1mm 0.1mm 

(a) Sphere 6.35 mm    Ô Ô Ô Ô Ô Ô (b) Cone 120\
<3 � Ô �®�0#EÔ �� C1020 

0.5mm 0.5mm 
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(a) Band saw cut
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[¯Ãó 207 GPa
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�σ =738.1ε0.2���l>j 
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É�¡Y(.h��l.0
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��y¶°�:Å½[·î���X3� 1

83 % �6l.�Hèé�>j ���X3� 3 %l>j»+
 8�Û 2dæ~�Ê

Ë���á>���¿vÛ� 2 %�M���êë(%R� 

�r�ÐÑ����
��y¶°�:Å½[·î�	
18.5 μm�é�>7��X3

1.59 mm�P 1.2 %:
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��»+
ö÷H·î��3 7.5 mm
)6 20 mm�¼E©�
±æ~È 5184���j 
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Indenter diameter 
Test piece size 

Fixed size over all the experiments 

Element type 
2D axisymmetric solid 

The 4-node first-order element 

Element size [μm] 
1�3% of the indenter diameter 

18.5 

Load conditions 
Imposed displacement to the spring 

element 

Boundary conditions 
Contact: Sphere indenter 

Target: Test piece 

Coefficient of friction ρ 0.12 

Spring constant K [N/mm] 

20167.2 
Indenter diameter 1.59 mm 

25138.8 
Indenter diameter 6.35 mm 

<× 3  �����,÷� FEÊË:Å½[¼E©

Test piece 
Elastic-plastic 

Sphere indenter 

Rigid body 

Central axis

Spring 
element 
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�
��Uhj,÷ST(�+KÄg�È K°V>j Ì]��X3 1.59 mm�

l{
20167.2 N/mm
X3 6.35mm�l{
25138.8 N/mm���j 
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Ì]��X3 1.59 mm�	
��y¶°�:Å½[

·î� 18.5 μml>j 

�r�ÐÑ�H0
/'r�«è¼E©��0.(�
ö÷H��φ15 mm´20 mm

�¼E©Èù��jh�±æ~È 5200�6l>j x7�H0
1�� FEÊË�

�æ.@°�W¿£¢�µ��xl(�{�l��� 

�� FE¼E©	
��Â¯Ãæ~�Äg�È�É
STdê�É�r¶��xl

�²]-�ì]�{� dD��8�
t FE¼E©]8j���È���ÎMK�

�H@æ-Ð�µè 



����

����������� !"�# 



38

���� ����������������

���� ��

Ô sD�	
�����,÷©ª>j FEÊË¼E©ÐÑ>j tD�	
���

��,÷l FEÊË
¿À¦��]8j���ÈÉ����5æl�F��llS

�
������ 6��
	
ö÷"��ö÷��çhje�����ÈÉl�#

Eµ8
��ÎMÐ��� 

���� ����

Ô xx�,÷l FEÊË�H0��7j P−h¡Y(Þ!�����Èçh�¿À¦x

f��� <� 2��� P-h¡Y��8�
,zÉl FEÊË���l�êë¿

£¦��jh���cÈ Wd.���ë/â·�=� 

Ô Ô ∑
=

−=
l

i
ii PrePexW

1

2)( Ô Ô Ô Ô Ô Ô Ô Ô Ô Ô Ô Ô Ô Ô Ô Ô Ô Ô Ô Ô Ô Ô Ô Ô (7) 

jÅ>
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S45C������� �������ÈÉl>�
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¦�È CrÈ x1
���¦�È nrÈ x2l�� 

nCεσ =                            Ô Ô Ô Ô Ô Ô Ô Ô Ô Ô Ô Ô Ô Ô Ô Ô Ô   (9) 

FEÊË�]8j���[¯Ãó E	 207 GPal>j x�É	
�Þ��]8j	


0ö÷���7	
�X3φ8 mm�ÁÂ
	
�M 0.03 mm/sec:H0��>j i

j`¨a¯#ν	 0.33l�>j 

����� 0.59 kN
Ì]��X3 1.59 mm
,÷É	
5��,÷��� P−h¡Y

<� 2Ô ,÷l FEÊË� P−h¡Y�#E

Displacement hi
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9í:FGÉ���U��6��� ���Rh#�67�������ÈÉ	ù,

-�����(l0��mn��P)*l>�=�� 1�§��P)*=� 2�


2�§��P)*=� 3��� 1�§��P)*	
l�É 1000 MPa
0.2l

é�>
Ã50 %r6¢Él>j 2�§��P)*	
1�§���É7��cÈ W

�É(¿S£6*.���+�o:l�Él>
Ã10 %�mnl>
1�§�¿À

Ê¶°�H0î�8mn�¢�>j .�
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30 �0�t7Ð

7@°>j��Sl�
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1�§�,÷@³
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â&¡y y �[���<� 3��� <7a:��� 1 �§�â&¡y�ÎM

=����`�MA�:ä��È	
0.991 ��� <7b:��� 2 �§�`�MA

�:ä��È	
0.969 ��� 1 �¶8Y�ÎM��8¶±��0
FG.ÎM(�

�7�8�lÔB�{� t7Ð7��P)*�mn�9í:FGÉ7rÈ x:� 24

�0���+�o�
â&¡y¶±µ�j����çhj��É=� ×��

� .�
x�l{�.77:��>j��cÈ W�É	
1�§( 2152.04
2�§(

4761.04���j 
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=� 2  1�§��P)*

Strength coefficient C
Work-hardening 

exponent n

Lower 500 0.10 

Upper 1500 0.30 

=� 3  2�§��P)*

Strength coefficient C
Work-hardening 

exponent n

Lower 1296 0.098 

Upper 1584 0.112 

=� ×  ����

Strength coefficient C
Work-hardening 

exponent n

1st optimal results 1440 0.102 

2nd optimal results 1334 0.104 

Reference value 
Identified by tensile test 

1165 0.105 
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���]8j P−h ¡Y<� I��� ��É�
X�¡YlS56,÷É�Þ
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� × 2 3Ô FEÊË��
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������ >�U����� Z[X\

lm~H C1020������� xx�	Â¯Ã��ö÷ 22)7ö÷H��	�3 9 

mm
D3 4 mm
76 1 mm�Â¯Ã0ö÷H
���M	 0.01 mm/sec:H0��>
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������ ]V�^_� `abc`Yde.fg,h���Q���

� × × 2Ô ,÷/�

���,]'Ð���jh
������]8�7�Þ�-.����l>�
�

´¯��o SUS304�H@¨©ª«¬+� A1070�ã8�
[¯Ãó E
`¨a¯#

ν
���¦����µ�j xx�	.(10)��� Ludwik�À]>
=>â�σy


A
B

C
D
E

F

G

H

<� 2IÔ ��X�à��®�07ÆX/Ïr'G�:
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���¦�È F
���¦�È n���ö�j 

n
yy F )( εεσσ −+=         Ô                                   (10) 

xx�=>I£�εy	
σy  / E��� 

#EÉl>�
	
ö÷H0��>jÉl
��ö÷����� ,÷/��6

��� 

 (1) Æ�	
ö÷

SUS304	X3 8 mm
A1070	X3 14 mm�ÁÂö÷H]8�
	
��ö÷¹7Ë

Ì4g�4 100kN:�H0
	
�M 0.03 mm/sec�	
ö÷µ8
t7Ð7 3t�

J·É]8j [¯Ãó E	ö÷H?@��I£�LFMN0O�
;'w<�@

zÉ��°V>j `¨a¯#ν	Þ�-.É 51), 52)	]�� =>â� Yp	
,÷E

FG�=>Û(ã.Í.jh
0.2 %°�]8j â��I£��'	
JIS Z 2253:2011

��{��>j <� 2p�	
ö÷�5��H@	
��%v<�� 

ST��Ô Ô Ô Ô Ô Ô Ô Ô Ô    	
�lö÷H
Ô Ô Ô Ô Ô Ô <� 2pÔ 	
ö÷ST
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(2) Æ���ö÷

 SUS304
A1070lS�X3 10 mm )6 20 mm�RÉö÷H]8�
��ö÷¹7Î

ö÷¹4g�4 980kN:�H0
��ó(¿v� 50~70 %�Ml.�HèÏÐ-���

��
��lö÷H��ÑMz�>
Yâ��YI£�É�j .�
ö÷H	

Ò$(SKD11)�r6����
��y�	¼ÂµE¯àKGl��ÃÂF� �

>j tö÷�	â��I£��'��çhj ��ö÷ST�5�l����%v

XY<� 2t��� 

�����,÷	
SUS304	X3 1.59 mm
A1070	X3 6.35 mm�¶��Ì]>


�����	lS� 0.59 kNl>j ö÷y	#2000|���H0=y|�ø>
t

7Ð7 S45C�l�1��F����ÈÉ���� 

� � � ST��Ô Ô Ô Ô Ô Ô Ô Ô Ô ���lö÷H

Ô Ô Ô Ô Ô Ô Ô <� 2tÔ ��ö÷STÔ

SKD11 plates

Test piece 
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� × × 3Ô ,÷l�����#E

����l
	
ö÷H0çhjÉ=� p�H@<� 2}��� ��ö÷�

��	
<� 2}�Ãí�����$Å×�� .�
=l� W 	
×D2�
.

77:��>j��cÈ�ë��� ;'�'	
8£7S 10 %�D�êëmn��

��{j =>â�	0.2 %°�l#E��l SUS304 �30 %�r�êë���(


 230 MPa l�ÒÓ 51)S�� ij
â��I£��'	
8£7S��ö÷���¶

8�'���xl(K��{j 

�r�Ð����H0
t���H0��>j9í:FGÉ	
���É�H����

êë�v£	��S��
������]8�7�Þ�-.���9í:FGÌ��

�è��
Ó@�{�êëmn�FG.,]'(��l��� ßàS12.��]

8�t���12'Ð�µè 

=� p ��>j��9í:FGÉÞoÔ �� SUS304�H@ A1070 

Materials E� [GPa] ν 
σy  

[MPa]
Power hardening law 

Residual 

W 

Identified
values 

199.5 0.29 244.2 σ � 244.2+1154.0(ε−εy)0.20 20.25 
SUS304

Tensile 
test 

201.1 0.30 358.3 σ � 846.8ε0.15 − 

Identified
values 

65.3 0.32 25.5 σ � 25.5+129.6(ε−εy)0.35 11.37 
A1070 

Tensile 
test 

70.4 0.35 40.8 σ � 108.0ε0.15 − 
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���� 4�

Ô tD�	â&¡y��H����ÈÉ���/��Ô.�H@ÎM�Ð�µ�j 

t���d�xl(.���.�j 

,÷l FEÊË�H0�j P−h¡Y(Þ!�����Èçh�¿À¦xf��8�


3D�ÐÑ>j,÷STÆJ¦>j FEÊË¼E©Ì]>
�����,÷� FEÊ

Ë,ø>j ij
P−h¡Y�¸;�����6����,÷Él FEÊËÉ���

êë¿£¦��jh���cÈ W ë/â·��K>j d�@°Ö�×µ�

ããëó-�¿ÀÊçh�xl§-l>
���ÈÉ�¿À¦�	 2d�-.�H

�â&¡y¶±]8j â&¡y	
���ÈÉÞ�-.���l0��mn��

¢>
D¿À@³��* 24�0�9í:FG���+�o��gK>j 

gK>jâ&¡y��
¿v 1.47 kN����S
,÷É�YTÞ!�� P−h¡Y

Èù�{
äÈ���������ÈÉ�;/'�'
��É��'�����]

8����{j S45C �ÊÜ	���¦�'
C1020 �ÊÜ�	
;'�'��

>j x�Hè�t��	
ÕFÖF(çhj8��9í:FGÉ`��ÒÓ>
�

���xl(õÕ��� 

.�
;'�'	8£7����S 10 %�M�êëmn���(õÕ���j /

'�'	 S45C
SUS304
A1070lS�
	
ö÷H0��>jÉH0S)8É�>

j(
SUS304 �H@ A1070 	
��ö÷����¶8�'��xl(K��{j 

	
l���'�²8	���H��¹.�xl(yz67���
ßàSäÈ���

]8jÐ�(�æl���(
���²]'��xl(�{j 

dD�	
�����,]'�K��jh
���������8�,���]8�

7���Ì]>����ÈÉ���µèllS�
�����H0��>j���

'É]8j����� FEÊË,ø>
,�0l�#EÐ�µè 



�$��

%&'())*+,-���./0��123
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���� ���	

��������������

F��� ��

t|}�§-	
������3ù»�æç�áâ>j�íF©������ö÷�

H0
ûü�ãÎM�*���È���{����Kñ
,]'Ð���xl��

� �Di������
��������ÈÉ���{�z�ST��K�H@,  

�æEFG�Kñl
äÈ������È���H�²]'Ð���xl(�{j 

tD�	
�������é@×�t���À]�H�,]'Ð��� ����

���é@��8�	
FEÊË(êë�Ì0Í7�7�8� 12), 53), 54) é@ÏÐ�Ês

�����Ð���xl(õÕ��0
¥&¦i��ögÖ�×Ø��xl(�{

� tx������H0��>j���È]8j����� FEÊË,ø>
Ê

Ë�0(
,�0l���MØ�(���Ð��� 

.�
�����ö÷����>j���È�12'Ð��c>�
��7j���

È]8�
	
ö÷.�� FEÊË,ø>
,÷�Èù'K�>j|} 40)	ÎÏ

��(
��������À]>j|}Ü	�i0��7.8 ij
äå.����

�	
1 �	
ö÷�Hè.ÆJ.â�»�	.*
��â�»���l���7� 

�����,÷����7� P−h ¡Y	
äå.â�»�J·-.�Ò(Ui7�l

���7�jh
�����yz�À>j�'(���{�S�lðÖ67� 

F��� 67ijk%&

F����� %&'(

Ô `ab��]mW�no�7SAPH440 JISD25 t = 2.6 mm:����,÷�ã8�

,÷)*�� t��	
,å�������Ì]��ÇðÏÐ�ãæl.�j��

��� 

��� 98 N�'TH0r'þc�� .�
ö÷y�=y�6( P−h¡Y�I
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�ã{�|}��jh
#2000|���ö÷H�=y|�ø>j �6@�H0z�

>jö÷y�J·°��6 Ra	 0.62 μm��� ���,÷Ù�	
JÚ.yl>


�8��®�|}ø�.8Hè��X3� 3 ��r�W�Û�j �����	

0.59 kN
��	X3Ô 1.59 mm���¶��Ì]>j 

F����� %&45

<I 2� 6 Ù�����ö÷�á�� P−h ¡Y�� t)*�	
��É�


X�µ�lS56XY-.r¦��xl(K��{� ��É�µ�	
��I�

ã{(�.8�À.��(��7j ���ef³´l���,÷�%Rj�®�³´

<I 3��� ³´	
EMG©z¢{(hF�¯�\4 VW-9000)]8�||>

j 

<I 2Ô ,÷��Ì�>j P-h¡Y �� SAPH440
�� 0.59 kN

��X3 1.59 mm 
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2.0mm 

(b) Indentation on the scraps 

<I 3 �®³´Ô �� SAPH440, �� 0.59 kN, ��X3 1.59 mm

(c) Indentation shape 
0.2mm 

(a) A scrap shape  
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F��� ��Q���

F����� ����

FE ÊË)*	s�l�1� FE ÊË¼E©À]�� .�
tD�	[¯Ãó E


`¨a¯#ν
tùÜ 4 3 ���>j
.(9)� n â�¦�����
���¦�È C

�H@���¦�È n�+@ 4ã�9í:FGÉ������� ���F	
� 

3�l�1l>j jÅ>
	
0ö÷�������>j"��9í:FGÉl�

Él>
t�Ã10 %�É�P)*l>j 

F����� ��45

���]8j P−h¡Y<I ×��� t��	
1��â&¡y¶±�����

� ,÷É	<I 2�����fÛ
¿v��−¿vr'Û
��X�à� 3 Û�J

·ÉXY��ìÅÉ��� <I ×���#E��l
��É�µ�	,÷Él

YTÞ!>j Þ/�X�¡Y	�®�6� 10 %�êël.�j t���	
É�

¡Y���Þ!M��>�8�jh
X��'�êë(%v>jS�l���7�(


,÷É���X�¡Y	
<I 2���Hè�É�µ��á>�I�ã{(v{*


J·Él FEÊË���W�êë(��õÕ'S���7� 

d�9í:FGÉ������èò
;'�'=I 2�
â�sI£��'<

I ���� ij#EÉl>� JIS Z 2253:2011��{
JIS5_H]8j	
ö

÷����>jÉÝo��� .�
tÉ	
	
�M 0.03 mm/sec
	
¿v��

�U��i��YI£� 0.25 �6�EFGH0��>j �r���l#E��l


����		
ö÷H0çhjYâ��YI£��'l56Þ!>�8�xl(K�

�{� I£�ε 1.0�l{
â��êë	P 1 % ���j Ô

Þ��������r�	��ÞD���$0�J·-.¡a��0
�/'���

�7IYâ�lYI£��c�		
l���ë¹(.8l�.o� 48), 55)
��8	

Þ!>jl�ÒÓ 22)(�� tÊÜ�Ì]>j��	
	
l���'(Þ!>jÜ
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���(
Þ/�
���Yè(v{.�'
��8	t�4����SÒÓ67

��0 48)
äÈ������Ð�(�æl��� Ô

=I 2 ����#EÔ SAPH440 

Young's 
modulus 
E [GPa] 

Poisson's ratio 

ν 

Identified values 207 0.33 

Reference values 206 0.30 

�W�, ="�(� FE^_±²�g P−h³´�LM
� � � � �� SAPH440y\] 0.59 kNy�#¬µ 1.59 mm 
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Optimal results
Expremental results
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F��� lc`RS��

<I I���9¯®�H@&î���K67��á¼RÉ 0��µè xx�

	
���0�K�l�æ���ßà§-l>
��áî���þâ	;W�� 

9¯®X3	 24 mm
¨�ãÆ×#79¯®3ä�7:	P 9��� Bottom die A

	
��(��>jà
9¯®�=6llS�Þ��×$FÆõa�� ��	���

�l>
���	��àKGl��çè5(wt�g�Ô X-3568) �>j ���

¹	 AMADA\4 PDL−400Ì]>
ï5��pW��,ø>j ��	����

�,÷l�R$Å×�$F©�Ì]>j 

F�F� lc`RS FEMN��

FE ÊË	/'��ÊËa�×¬�¨ DEFORM3D ]8j ÊË)*=I 3�

�� ÊË)*	,å���)*�+!��Hèé�>j .�µí¯Æ�����È

É	I × ×����ÉÀ]�� :Å½[·î�	�7 10 Gv�r��l>

é�>j ��	��Â¯ÃÄÅÆ�E��jh
;/'fl>j ij
Ä¬½¯

�W�0� ¶·¸¤¥&k����HILM
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Tensile test

σ = 738.1ε0.20 

 
σ = 726.3ε0.17 
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bFë��E>.8�/�¦�l>j .���l��W�g]��z{�È	
�

�
y�
�$��M
åa��
��0-�H0r¦ 56)�� xx�	���ÈÉ(

�����=��|}K���xl§-l>
z{�È	Þ�É 0.13l�>j 

.�
��9í:FGÞ�Él>�
z{�È 0.0582.0 �mn�r¦6ojl{

����0���r¦	¿v 1%l�£����j ij
��	¦fl>�«�j 

=I 3 ����� FE �	
�

Element type 
3D solid 

first-order tetrahedral element   

Element size [mm] 0.1~0.2 

Punch stroke [mm] 19.0 

Punch speed [mm/sec] 60 

Die material properties Rigid body 

Work material properties Using the identification�
parameters 

Elastic-plastic deformation 

Coefficient of friction ρ 0.13 

<I I �����¼E©

Punch 

Bottom die B 

Bottom die A 

Material 

Central axis 

Load 
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F�m� lc`RSnopMN45

F�m��� RS89:;

�����à����0By�XY<I p��� <I t�,���H@ FE

ÊË�0�#E<�� ,���0	
%Â¯9�\4EMG©#îÆ$�ÖF�

DSX500�H0,�0��z�>
CADEFG¦>j FEÊË�0	
<I t�

l��H0æ(� 30\G�6+�oj .�
FEÊË�0	
�����h>j

à���Â¯ÃÄÅÆUì�8� 

,z��l FEÊË�#E��=I ×��� "Û����,zÉ�l>�


ÊË�0�êë�>�8� =l� w 	¿v�3��7�3:��� �á¼ 0

���	
�7	
9¯®X3H0SD(	Á*.0
�(�	7*.� ¿S�7(

(�������z�Û c ��8�	
êë(¿v 7.8%���j ij¿S�7(Ø

���z�Û b�	
4.25%�êë���j Þ/�y��77z�Û a:	 0.3%
K

�)6 h	−0.1%lH*Þ!>j .�
��s��7�á����à��7Ø�ó	


,z�z�Û a �	 2.8%
z�Û b�	 17.5%���j Ü�I�7Ø��H�v7

yz��»+
¿S�7(Ø���z�Û b�êë(�.8Yè(�i>8 

4mm 

�W��� ~xuij��¹S��
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�á¼ 0�������7�r¦	
<I }���â�0-�H0Ô.��xl

(�{� 48), 57) 9¯®¨ R�G(z�Û b)	�3/Ï�	
â�σr
R�/Ï�	
â

�σθ(�%>
	
0l¡sr�(g]��jh
¿S�7(Á*.� ij�í¯M

����G(z�Û c)	
R�/Ï���â�σθø�
¿S�7(7*.� RÉ�

=I × "@zÛ�,��l FEÊË�����êë

Measurement point Error [%] 

a −0.31 

b 4.25 

c 7.80 

h 0.05 

w 3.74 

<I t ,��l FEÊË����0#E

Real shape

FEA results

Point a

Point c

Point b

Height h
Central axis

Width w
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�	��l��37l��	{�i7�:/Ï�	
â�σrø�� @°U��9¯

®�×$FÆ 6.4 mm
10 mm
14 mm
19 mm���������U�� FEÊË�0

7l�By:t7Ð7<I �7I � 28I � �:��� 

rθ 

Z

σr

σr

σθ
σr

σr σθ

σθ

σθ

�W� � º»¼½�ij�¶·K¾

�W�¯�� ¿wÀuÁ@ÂB 6.4 mm 
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�W�¯�� ¿wÀuÁ@ÂB 10.0mm

�W�¯�,¿wÀuÁ@ÂB 14.0 mm 
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d���>j���ÈÉl�Él>�
± 5%
±10 %
±30 %l9í:FGÉr

¦6o�ÊË,ø>
FE ÊË��(���Mr¦���K�>j 9í:FGÉ�

��+�o=I ���� 

ij
�0êë�r¦ilhj��<I 2���� _�(��>j9í:F

GÉ�á>�=�jêë
^�(êë=�jå� FEÊË�0l,z��l�êë�

�� "z�Û���	
Ã10%�êëmn�	¿v�S 1.7 %�M��0êë��� 

z�Û a�H@K�)6 h	êë(.8
�.�ò��>j9í:FGÉ(,z�S�

lS¶8É���j +30%�	z�Û b�¿v 25 %lêë(%v>j 

ç8�
�����êë�#E<I 22��� _�	
9¯®�×$FÆ
^

�	�������� ,å������	��rÌ�¤¥���jh
	
ö÷��

��>j9í:FGÉ]8j FEÊË���á����êë#E>j ¿v��Û

�W�¯�0 ¿wÀuÁ@ÂB 19.0 mm 

�W�¯� ~xuÃ��ÄÅwBJK
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��8�
���������>j9í:FGÉ�»+ 1 %�6�êë���j��á

>�
�5 %�»+�6 %
�10 %�»+
�9.3 %l56=�jêë�âR�r¦>j 

.�è30 %�êë=�j»+	
9¯®�×$FÆ( 10 mmO¶��
RÉ��é

ê.�7�Ø���8��(¿��ô6>j t�àS9¯®�=6llS�
��(

6��&î�	{�i7�jh��((��ÜR�(
,å�x�Hè.ZÏ	��7

.8 <I 23�êë=�.8�����H@è30%�êë=�j���� 

=Ix�Ô 9í:FGÉ�êëÞoÔ

Error % Young's 
modulus E 

[GPa] 

Poisson's 

rato ν
Power-law 
constant C

[MPa] 

Power-law 
exponent n

� � � � � � � � 0 207.00 0.33 738.10 0.20 

3.0 213.21 0.34 760.24 0.21 

-3.0 200.79 0.32 715.96 0.19 

5.0 217.35 0.35 775.01 0.21 

-5.0 196.65 0.31 701.20 0.19 

10.0 227.70 0.36 811.91 0.22 

-10.0 186.30 0.30 664.29 0.18 

30.0 269.10 0.43 959.53 0.26 

-30.0 144.90 0.23 516.67 0.14 
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�W���� ¿wÀuÁ@ÂB 19.0mm� JKLM

(b)Ê30%�ÈÉdËÌgHI

(a)��Íg¿ÅÆÂÇ�'()HI
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F�m��� RS/TU����qrst�^u

�D������ FEÊË�	
¿v 0.8�D2/'I£�(�%>�8� . (9) �

�>j nâ�¦�	
È.�Ì0«8(@¦��0
v{.I£��w<��8�	F

G.¶±=��l��� >�>.(�
;'<��/'<�¢£I£�Ì0«è

�æ(��xf�	
=>ÛH0®���K��.(10)(H0ÎM��8¶±=�

�l��� tx�=I 2��>j[¯Ãó E
`¨a¯#νd�>�
.(10)��

>j Ludwik��=>â�σy
���¦�È F
���¦�È n���ö�j <I 

2×����]8j P−h¡Y�� FEA 2(. (10)�
FEA 1(.(9)��8j FE
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