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ABSTRACT 

 Incremental Sheet Forming (ISF) represents a highly flexible metal forming process 

renowned for its versatility in shaping metal sheets due to its distinct advantages over 

reducing tool use and complicated molding equipment. This process is capable of 

forming intricate workpieces with complicated shapes. Incremental Sheet Forming (ISF) is 

specifically designed for the production of prototypes or specific workpieces. It is a 

technique that has been developed to reduce budget use in mold production, instead 

using only Computer Numerical Control (CNC) machines. 

 In this experimental study, the instruments involved the continuous forming of 

Al5052 aluminum alloy sheets with two-point contact using a ball head round shape 

press forming tool, the workpieces molded with a cone shape, and CNC machines used 

for forming. The forming factors were a forming speed of 1,000 mm/min., forming depths 

of 0.3, 0.5 and 0.7 mm, and rotational speeds of 0, 500 and 1,000 rpm. The experimental 

design used the Taguchi L9 method for examining appropriate factors. Further, to find 

out the factors that were statistically significant, the researcher conducted an ANOVA 

analysis, and prediction, and also created a regression equation to gain the appropriate 

values of surface roughness and residual stress. 

 The experiment's results revealed that the optimum factor for the lowest residual 

stress was 21.14 MPa, namely a rotational speed of 0 rpm and a forming depth of 0.3 

mm. The ANOVA analysis displayed that the rotational speed and depth of molding had 

affected the residual stress of the workpieces at the confidence level of 95%. The 

machining depth had a higher effect on the residual stress than the rotational speed. The 

study also showed that the rotational speed and molding depth had increased. The trend 

of residual stress on the material surface was higher. In addition, from comparing the 

experimental results with those gained from the statistical analysis of the responses, it 

was shown that they had relatively close values.   

Keywords: two-point incremental forming, residual stress, surface roughness 
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 !!C่ 1 

 !�A 

1.1 คว@/N!็�/@Oล>คว@/.Aค?ญ�อ�!ัญห@ 

 �@1� D Q%1 G'O( N%Pลห>O&&!NอN% E Pอ� ( incremental sheet forming : ISF)  N '็%
�1>&/%�@1�DQ%1G'#CP/Cค/@/0E ห0FN%2G�N%EPอ��@�'1@0�@�Nค1EPอ�/EอOล>อF'�1�์Q%�@1�DQ%1G'#CP0FN�0@�
2@/@1"�DQ%1G'�BQ%�@%#CP/Cค/@/�?&�Oอ%R Oอ0N@��N@0 @0 �1>&/%�@1 ISF "G�ออ�O&&2Aห1?&�@1(ลB!
�BQ%�@%N�พ@> N�N% �BQ%2N/% O@%อ@�@00@% ห1Eอ�BQ%�@%!?/อ0N@�   �DP�อF'�1�์Q%�@1�DQ%1G'/CNพC0�
Nค1EPอ�/EอQ%�@1� �DQ%1G'#1��ล/ (Forming Tool) อF'�1�์�?&0D O(N%�BQ%�@% (Blank holder) Oล>
Nค1EPอ��?�1#CP2@/@1"ค/&คF/ O/01>&&คอ/พB/N!อ1์ (CNC) �O2@/@1"(ลB!�BQ%�@%#CP/C1G'#1�!@/!Oอ��@1 

[1-3] ISF "G��AO%�ออ�N'็% 2 ล?�1�> คEอ (1) �1>&/%�@1 Single point incremental forming 

(SPIF) N'็%N#ค%BคQ%�@1�DQ%1G'#CPO(N%Pลห>N�B �@1N'ลCP0%O'ล�1G'1N@�!@/#B0#@��@1NคลEPอ%#C P�อ�
Nค1EPอ�/Eอ   Q%�@1�DQ%1G'P 0'1@0�@�อF'�1�์Q%�@11อ�1?&�BQ%�@% (Partial die) Oล>!?/�?&0D �BQ%�@% 
(Blank holder) R/N/C�@1NคลEPอ%#CP��>#A�@1�DQ%1G' ?�O2 �Q%1G'#CP 1(a) (2) Two point incremental 

forming (TPIF) process �>/Cล?�1�>O!�!N@��@� SPIF คEอ /?��>/CอF'�1�์Q%�@11อ�1?&�BQ%�@% 
(Partial die) Oล>!?/�?&0D �BQ%�@% (Blank holder) 2@/@1"NคลEPอ%#CP!@/#B0#@��@1� �DQ%1G'  ?�O2 �
Q%1G'#CP 1(b)[4] �1>&/%�@1 ISF #?Q�2อ��1>&/%�@1(ลB!�BQ%�@%P 0�@1#AQหO/?2 FN�B �@10E !?/     
อ0N@�!NอN%EPอ� O/0Nค1EPอ�/Eอ#CP� ล�!@/1>0>#CP�Aห%  �>%?Q%�D�หลC�NลCP0�R/NR O#CP�>#AQหO�BQ%�@%N�B �@1
N'ลCP0%O'ล�1G'1N@�อ0N@�"@/1 O/02.@/>ค/@/Nค1C0 �%#AQหON�B ค/@/NคO%&1BN/�(B/Pลห>�%%AR'2GN
�@1 C !?/�ล?& (Spring back) ห1EอO/OO!Nค/@/N2C0ห@0�@�ค/@/ลO@ [5-7] #CP�>N�B �DQ%!@//@Q%�1�C#CP
/C�@1NลEอ�Q�O!?/O'1Q%�@1�D Q%1G'#C PR/NNห/@>2/N%E Pอ��@�ค/@/NคO%#C PN�B �D Q%/?�R O1 ?&อB#$Bพล              
�@�พ@1@/BN!อ1์Q%�1>&/%�@1 N�N% ค/@/N1O/1อ&Q%�@1�DQ%1G'�อ�Nค1EPอ�/Eอ ค/@/N1O/Q%�@1NคลEPอ%#CP
�อ�Nค1EPอ�/Eอ 1>0>Q%�@1� �DQ%1G' ห1EอO/OO!N�%@ �อ�1?0/CNค1EPอ�/Eอ P 0'ั��?0NหลN@%CQลO/%N'็%'ั��?0
#CP#AQหON�B ค/@/NคO%2>2/ห1Eอค/@/NคO%!�คO@�!ลอ �%ค/@/N1C0&(B/�อ��BQ%�@%หล?��@1�DQ%1G' [8-10] 

�@1!1/�2อ&คN@ค/@/NคO%!�คO@� %B0/Q�ON#ค%Bค X-ray diffraction [11] Nพ1@>N'็%/B$C�@1#CP/C
ค/@/O/N%0A2G�  �DP�Q%�1>&/%�@1 ISF �O/?�Q�ON#ค%Bค X-ray diffraction  อ@#B Slota, Ján, et al. 
[12] /BNค1@>ห์ค/@/NคO%!�คO@��อ��BQ%�@%1G'#1��1/0 O/0�1>&/%�@1 SPIF #A�@10D�1@'ั��?0Q%�@1
�DQ%1G'�@�%?Q%#A�@1/? คN@ค/@/NคO%!�คO@� O/0N#ค%Bค X-ray diffraction พ&/N@คN@ค/@/NคO%N�ลCP0       
#CP 84.5 MPa Tanaka, Shigekazu, et al. [13] !1/�2อ&ค/@/NคO%!�คO@��อ��BQ%�@%อลG/BN%C0/#CP�DQ%
1G' O/0�1>&/%�@1 SPIF  O/0�@1Q�ON#ค%Bค X-ray diffraction P 0#A�@10D�1@1?0/C�อ�Nค1EPอ�/EอOล>
อ?!1@'้อ%#CP2N�(ล!Nอค/@/NคO%!�คO@� พ&/N@1?0/C�อ�Nค1EPอ�/Eอ2N�(ล!Nอ'1B/@�ค/@/NคO%!�คO@�/@��/N@
อ?!1@'้อ% Maaß, Fabian, et al. [14] 0D�1@อB#$Bพล�อ� tool path strategies !NอคN@ค/@/NคO%
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!�คO@� O/0�1>&/%�@1�DQ%1G'O&& SPIF  O/0�@1Q�ON#ค%Bค X-ray diffraction �@��@1!1/�2อ&พ&/N@ 
tool path R/N2N�(ล!Nอค/@/NคO%!�คO@�/@�%?� Oล>/Cหล@�หล@0�@%/B�?0#CP�ลN@/"D�อB#$Bพล�อ�'ั��?0
Q%�@1�DQ%1G'O&& SPIF #CP2N�(ล!NอคN@ค/@/NคO%!�คO@��อ��BQ%�@%หล?��@1�DQ%1G' [16] 

 

  

(a) (b) 

1?!!C่ 1.1 O2 �2N/%'1>�อ&Oล>�1>&/%�@1�D Q%1G'O&&!NอN%E Pอ� O/0Nค1E Pอ��? �CNอO%�CQ%O!Nล >
�1>&/%�@1 (a) �@1�DQ%1G'O&&!NอN%EPอ�O&& 1�F 2?/(?2 (SPIF). (b) �@1�DQ%1G'O&&!NอN%EPอ�O&& 2 �F 
2?/(?2(TPIF) [4] 

 

'ั��F&?%/Cหล@�หล@0�@%/B�?0R ON2%อO%/#@��@1ออ�O&&�@1# ลอ�2Aห1?&�@1#A%@0Oล>
�@1ห@คN@#CPNห/@>2/�อ��@1�DQ%1G' SPIF NพEPอQหOR O!@//?!"F'1>2�ค์#CP!Oอ��@1 N�N% Bahloul R et al. 

[18] 0D�1@พ@1@/BN!อ1์Q%�@1�D Q%1G' SPIF คEอ wall angle, tool size, material thickness, and 

vertical step size #A�@1ออ�O&&�@1# ลอ�#@�2"B!B Oล>�@1'1>0F�!์Q�O Response surface 

methodology (RSM) P 0�@121O@�O&&�Aลอ�ค/อ 1@!B��อ�(ล!อ&O&& Box-Behnken พ&/N@ 
P/N ล#CP21O@��DQ%2@/@1"%AR'#A%@0(ล!อ&�อ��1>&/%�@1 SPIF R Oอ0N@�/C'1>2B#$B.@พ Azhiri R B 
et al.[19] !1/�2อ&'ั��?0Q%�@1�DQ%1G' SPIF อลG/BN%C0/(2/ AA5052 พ@1@/BN!อ1์Q%�@10D�1@ R OO�N 
the type of the tool, feed rate and step down #CP2N�(ล!Nอ surface roughness ออ�O&&�@1
# ลอ� O/0 full factorial experimental design NพEPอห@คN@!?/O'1Q%�1>&/%�@1�DQ%1G'#CPNห/@>2/
#CP2F  พ&/N@ พ@1@/BN!อ1์#CPNห/@>2/#CP2F  คEอ ball nose tool, 200 mm/min of feed rate and 0.4 

mm step down. Mulay Amrut et al.[20] 21O@�O&&�Aลอ��@1#A%@0(ล O/0 artificial neural 

network (ANN) �อ��1>&/%�@1 SPIF Q%�@1�DQ%1G'อลG/BN%C0/(2/ AA5052-H32 !NอคN@ค/@/N1C0&(B/
หล?��@1�DQ%1G' พ&/N@ P/N ล ANN #CPพ?�%@�DQ%2@/@1"#A%@0(ล!อ&�อ��1>&/%�@1R Oอ0N@�O/N%0A 
Sbayti M et al.[21] อ อ � O & & � @ 1 #  ล อ � O & &  Box–Behnken O ล >  Response surface 

methodology (RSM) 2Aห1?&#A%@0 final geometry �อ��BQ%�@%#CPR O�@��@1�DQ%1G' O/0�1>&/%�@1 
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SPIF �@��@10D�1@ พ&/N@ O&&�Aลอ�#CPออ�O&&Oล>21O@��D Q%2@/@1"ค@ �@1�์(ล!อ&R Oอ0N@�
O/N%0A Najm S M et al.[22] 0D�1@อB#$Bพล�อ�Nค1EPอ�/Eอ�DQ%1G' (Forming Tool Characteristics)#CP
2N�(ล!Nอค/@/N1C0&(B/�อ�อลG/BN%C0/ O/0�1>&/%�@1�DQ%1G' SPIF 21O@�O&&�Aลอ��@1ค@ �@1�์(ล
!อ& O/0 ANN and SVR พ&/N@O&&�Aลอ�2@/@1"ค@ �@1�์ค/@/N1C0&(B/R Oอ0N@�O/N%0A Oล>0?�/C
หล@�หล@0�@%/B�?0#CP�ลN@/"D��@1ค@ �@1�์(ล!อ&�อ��1>&/%�@1 SPIF 

�@��@%/B�?0#CP�ลN@//@N&EQอ�!O%พ&/N@�@10D�1@2N/%QหญN/FO�N%O%Q%�@1!1/�2อ&พ@1@/BN!อ1์
�อ��1>&/%�@1 SPIF O!N2Aห1?&�1>&/%�@1 TPIF 0?�R/N/C�@1�ลN@/"D�/@�%?�  ?�%?Q% �@%/B�?0%CQ�D�R O
%Aหล?��@1Oล>O%/ค/@/คB �O@�!O%/@Q�OQ%�@10D�1@�@1�1>&/%�@1 TPIF Q%�1>&/%�@1�D Q%1G'
อลG/BN%C0/ AA5052 �D P�พ@1@/BN!อ1์�@1�DQ%1G''1>�อ& O/0 Rotation speeds Oล> Incremental 

depth #CP2N�(ล!NอคN@ค/@/N1C0&(B/ ค/@/Nค1C0  Oล>ค/@/NคO%!�คO@��อ��BQ%�@%หล?��@1�DQ%1G'  #A�@1
ออ�O&&�@1# ลอ�Oล>/BNค1@>ห์ S/N Ratio P 0Q�O/B$C#@�G�B [23-24] Oล>/BNค1@>ห์ค/@/O'1'1/% 
(ANOVA) 2Aห1?&ค@ �@1�์ residual stress and surface roughness 1//"D�21O@�2/�@1" "อ0Q%
�@1คA%/�NพEPอ#A%@0 Rotation speeds Oล> Incremental depth #CP2N�(ล!Nอ residual stress 

and surface roughness �อ��BQ%�@% AA5052 aluminum alloy #CP(ลB!�@��@1�DQ%1G' TPIF P 0/B$C
#@�G�B�>2@/@1"ออ�O&&�1>&/%�@1�DQ%1G'O&& TPIF R O(ล/B�?0#CP"G�!Oอ�Oล>�>N'็%'1>P0�%์!Nอ
(GO(ลB!Oล>(GO#CP2%Q�0D�1@�1>&/%�@1�DQ%1G'O&& TPIF !NอR' 

 

1.2  ว?� >!1>.�ค์�อ��@1วB�?0 

 1.2.1  NพEPอ0D�1@(ล�1>#&�อ�!?/O'1#CP2N�(ล!Nอค/@/Nค1C0  ค/@/NคO%!�คO@� Oล>คN@ค/@/
N1C0&(B/�อ��BQ%�@%หล?��@1�DQ%1G'O&&!NอN%EPอ�  

1.2.2  NพEPอ0D�1@'ั��?0#CPNห/@>2/�อ��1>&/%�@1�DQ%1G'O&&!NอN%EPอ��อ��BQ%�@%อลG/BN%C0/
(2/ AA5052 

 

1.3  �อ N���อ��@1วB�?0 

 0D�1@�Oอ/Gล�@1�DQ%1G'O&&!NอN%EPอ�O&& TPIF (Partial die) O/0Nค1EPอ��?  CNC 

  1.3.1  �Aห% !?/O'1Q%�@1N�EPอ/# ลอ� ?�%CQ 
   1.3.1.1 �DQ%1G'Pลห>อลG/BN%C0/ AL5052 ค/@/ห%@1>ห/N@� 1.0 //.�%@  
200x200 //. 
   1.3.1.2 ห?/�  (Forming tool) N'็%O&& ห?/� O&&ลG�&อลQ%O%/!?Q� 
   1.3.1.3 �@1# ลอ��@1�DQ%1G'#1� �1/0�%@ �O%�1/0N2O%(N@%0G%0์�ล@�  
50 //. /F/ 25 อ�0@ ลD�  60 //. 
   1.3.1.4 �@121O@�O&&�Aลอ� O/0 P'1O�1/ SOLID WORK    
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   1.3.1.5 ค/@/N1O/1อ&�อ�ห?/�  0, 500 Oล>1000 1อ&!Nอ%@#CP  
   1.3.1.6 �@1NคลEPอ%#CP�อ�ห?/�  N'็%O&&N�ลC0/ (Helix)  NคลEPอ%#CP�@� &%ล�
ลN@� อ?!1@'้อ%ลD� Q%�@1� O!Nล> 0.3, 0.5 Oล> 0.7 //./1อ& 

  1.3.2 0D�1@ค/@/Nค1C0 Oล>คN@ค/@/N1C0&(B/�อ��BQ%�@%หล?��@1�DQ%1G' 

  1.3.3 0 D�1@ค/@/NคO%!�คO@� O/0N#ค%Bค�@1NลC Q0/N&%1?�2CNอ O��N10 ์ (X-ray 

diffraction, XRD) 

  1.3.4 0D�1@'ั��?0#CPNห/@>2/ O/0N#ค%BคออP$�อ%อลอ@N10์ (Orthogonal array-L9) 
(33)  O/0/B$C#@�G�B 
  

1.4  !1>P0ช�์!C่ค@�วN@�>ไ�O1? �@��@1วB�?0 

1.4.1  #1@&"D�!?/O'1Q%�@1�DQ%1G'Pลห>O(N%อลG/BN%C0/ AA5052  O/0�1>&/%�@1�DQ%1G'
O&&!NอN%EPอ�O&&2อ��F  

1.4.2  #1@&"D�อB#$Bพล�อ�'ั��?0#CP2N�(ล!Nอค/@/Nค1C0 �อ��BQ%�@%หล?��@1�DQ%1G' 

1.4.3 #1@&"D�'ั��?0#CP2N�(ล!Nอค/@/NคO%!�คO@� O/0N#ค%Bค�@1NลCQ0/N&%1?�2CNอO��N10์ (X-ray 

diffraction, XRD)  
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 ททCN 2 

ท2/ฏCทCNN�CN0ว�Oอ� 
 

2.1 O�วคว@/คB  

 �%�@#���/�/##��##!��/N@ �#>�/��@#�DQ�#G�P%ห>O�N�N�็��@#N�%CP"�#G�P%ห>�O/"O#� 
�AQหOP%ห>O�N�N2C"#G�O���@/# �@!�@#//�O�� Q�/F�2@ห�##!�%B��BQ�2N/�Q��ั��F�?��O/�!C�?Q��/�
�@#�%B��CPห%@"�?Q��/� �?Q��@#//�O��,�@#2#O@�O!N�B!�์O%>�@#�#?�O�OO!N�B!�์N�็��O� �O/�%��F�
�?�Nค#EP/��?�#ห�?���@�Qห�N�CPQ�OO#�!@� �DP��?Q�ห!��CQ!C�O��F�Q��@#%��F�Q��@#�%B��N/�N#BP!�O��CP2G�
!@��AQหO/F�2@ห�##!O!N�B!�์�ัO!�DQ�#G�Nห!@>�?��@#�DQ�#G��BQ��@��CP#G�#N@�N�B!!C�A�/��@#�%B�!@� 
�D��>คFO!�F� �DP��@#�DQ�#G�P%ห>O�N��O/"�#>�/��@#�DQ�#G�O���N/N�EP/�Nห!@>�?��@#�%B��BQ��@��CP!C
�A�/��BQ��@��O/"�BQ�O%>%��F�Q��@#�%B��PA   2Aห#?��@�/B�?"�CP0D�1@�ั��?"�N@�N �CP!C�%�N/�@#�DQ�#G�
P%ห>O�N��O/"�#>�/��@#�DQ�#G�O���N/N�EP/�O��2/��F� �>�A�@#0D�1@�DQ�#G�P�" Q�O/?2�F /%G!BN�C"!
O�N� �CPN�็�P%ห>�CPQ�O�?�/"N@��/O@��/@� Q�ห%@"/F�2@ห�##! Q��ั��F�?� !C�@#0D�1@�ั��?"Q��@#�DQ�
#G��CP2N��%�N/�@#�DQ�#G� ห%@"�ั��?" N�N� !F!/�0@�CPQ�OQ��@#�DQ�#G� ค/@!N#O/Q��@#Nค%EP/��CP�D Q�#G� 
ค/@!N#O/#/��/��@#ห!F�ห?/�� #G�O���/�ห?/����B��N@� �A!@N�#C"�N�C"��?�%?�1�>�BQ��@��CP
N�B��DQ�ห%?��@#�DQ�#G� ค/@!ห"@��B/,ค/@!Nค#C"��CPN�B��DQ����/�/�O�N�P%ห>O%>ค/@!NคO���คO@��CP
N�B��DQ�ห%?��@#�DQ�#G� �@��@#0D�1@�>2@!@#��A!@N�็��O/!G% O%>N�็��@�N%E/�2Aห#?� /F�2@ห�##!
�%B�P%ห>O�N��O/"�@#�DQ�#G�O���N/N�EP/�2/��F� 

 

2.2 �1> ว��@1�DO�1G!O  !NอN�ENอ� 
          �#>�/��@#�DQ�#G�O���N/N�EP/� (Incremental Sheet Forming  : ISF) N�็��@#�DQ�#G�
P%ห>O�N��O/"Nค#E P/��?� CNC ห#E/หF�"��์O���% P�"Q�Oห?/�� ����O�N�P%ห>�AQหON�%CP"�#G�      
�@!�CP//�O��R/O/B�C�@#�DQ�#G�O���N/N�EP/�N#BP!�@#//�O���O/"�@#2#O@�P!N�/ 3 !B�B �O/"P�#O�#!
ค/!�B/N�/#์�N/"Q��@#//�O�� (Computer-aided design : CAD) N!EP/R�OP!N�% 3 !B�B O%O/�>�A
P!N�% 3 !B�B�?Q�!@2#O@�N2O��@��@#N�B��@��/�ห?/�� (Tool Path)�O/"P�#O�#!ค/!�B/N�/#์�N/"Q�
�@#�%B�  (Computer Aided Manufacturing  :CAM) [4] N!E P/R�O�F�คA2? P�O%O/�>2N�P�#O�#!N�O@
Nค#EP/��?�# CNC Nค#EP/��?�#�>�@ห?/���>�Aห�O@�CP�?�O�N�P%ห>QหON2C"#G�/"N@��@/#�@!�CP//�O��R/O 
O2��Q�#G��CP 2.1 
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1G!ทCN 2.1 �#>�/��@#�DQ�#G�O���N/N�EP/� 
 

 Q��ั��F�?��@#�DQ�#G�P%ห>O�N� �O/"�#>�/��@#�DQ�#G�O���N/N�EP/� ( ISF) �O/��@##G�
�BQ��@��CPห%@�ห%@"#G��#�/"N@�N�N�N�็��#��#>�/�,#G��#��O/",#G��#��CP2!!@�#,#G��#��C PR!N
2!!@�#O%>�AQหO!C�#>�/��@#�D Q�#G��C Pห%@�ห%@"2@!@#�O�N�R�ON�็� 3 #G�O�� [25] R�OO�N           
1 )  �@#� D Q �# G�O��� N/ N� E P /�O�� 1 � F �  2 ?!� ? 2  Single-point Incremental Forming (SISF)                          
2) �#>�/��@#�DQ�#G�O���N/N�EP/�O�� 2 �F� 2?!�?2 Two-point Incremental Forming (TISF) 2) 

two-sided Incremental Forming (TSISF) �DP��#>�/��@#�DQ�#G�O���N/N�EP/�O�� 2 �F� "?�2@!@#�
O�N�"N/"//�R�O�?��CQ 

 - �#>�/��@#�D Q�# G�O���N/N�E P/� 2 �F�2?!�?2O��!CO�N�#/�#?�N��@>2 N/� 
Incremental forming with Partial die Support  

 - �@#�DQ�#G�O���N/N�EP/�2 �F�2?!�?2O��!CO�N�#/�#?�O��R!N2!!@�#N�O! �B0�@��/� 

Incremental forming with Asymmetrical Positive Support 

 - �@#�DQ�#G�O���N/N�EP/�2 �F�2?!�?2O��!CO�N�#/�#?�N�O! �B0�@�%� Incremental 

forming with Asymmetrical Negative Support 

2.2.1 �#>�/��@#�DQ�#G�O���N/N�EP/� (ISF) 

1. �@#�DQ�#G�O���N/N�EP/�O�� 1�F� 2?!�?2 (SISF) N�็��@#�DQ�#G�O���N/N�EP/��CPN�็�
�@#�AN/@P%ห>O�N�!@"D��?�O�N�#/�#?� P�"!Cห?/���>�G�ค/�คF!QหO��%�Q��BQ��@�QหON2C"#G��@!�CP
//�O��R/O ห?/���>ห!F�ห#E/Nค#EP/��CP�O/"ค/@!N#O/�@!�@#�Aห���/�P�#O�#! Q��@#�%B��BQ��@��O/"
/B�C�CQ2@!@#��AR�O�N@" Q�O/F��#�์�O/"  
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1G!ทCN 2.2 �#>�/��@#�DQ�#G�O���N/N�EP/� 1 �F�2?!�?2 

 

         2. �#>�/��@#�DQ�#G�O���N/N�EP/�O�� 2 �F� 2?!�?2(TISF) N�็��@#�AQหOP%ห>N2C"#G�
�@��F�2?!�?22/��F�คE/ ห?/��O%>O!N�B!�์#/�#?� Q��@#�?�"D��BQ��@�!C%?�1�>ค%@"�?� SISF �N@��?�
�CPO�N�P%ห>2@!@#�Nค%EP/��CPR�O�DQ�%�Q�O�/O�� Z P�"!Cห?/����%���O�N�P%ห>�@���%�%N@��@!
%?�1�>#G��#��/��BQ��@� Q��@#�DQ�#G�O���N/N�EP/�O��2/��F�2@!#�O���#>N ��@#�A�@�R�O       
2 O�� �@! %?�1�>�/�O!N�B!�์#/�#?� คE/O��O!N�B!�์N��@>2N/�O%>O��O!N�B!�์#/�#?�O��N�O!
2N/� �?�#@"%>N/C"��?��N/R��CQ 

             - �#>�/��@#�D Q�#G�O���N/N�E P/� 2 �F�2?!�?2O��!CO�N�#/�#?�N��@>2N/�
Incremental forming with Partial die Support N�็��@#�DQ�#G�O���N/N�EP/�P�"!C�F�2?!�?2�CPห?/��
%>!CO�N�#/�#?�N��@>2N/��A�@##/�#?�N��@>�EQ��CP�CP�CP�Aห��R/O���BQ��@� �#>�/��@#�CQ�>N�BP!
ค/@!N�C"��#��/�#G��#��/��BQ��@� Q��BQ��@��CP!C�@#�DQ�#G��CP#G��#��CPR!N2!!@�#/C�"?�2@!@#��A
O!N�B!�์#/�#?�R��%B��BQ��@��CPห%@�ห%@"R�O�N/R� 

 

1G!ทCN 2.3 �#>�/��@#�DQ�#G�O���N/N�EP/� 2 �F�2?!�?2 
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             - �#>�/��@#�DQ�#G�O���N/N�EP/�O��2/��F�2?!�?2O��!CO�N�#/�#?�N�O!2N/� �A
QหO!C�EQ��CPQ��@##/�#?�!@�2N��%QหON�BP!ค/@!N�C"��#�Q��@#�DQ�#G��BQ��@�R�O/"N@��C Q��@#�@#�DQ�#G�
O���N/N�EP/�O��2/��F�2?!�?2O��!CO�N�#/�#?�N�O!2N/��?Q�2@!!@#�O�N��#>N ��@!#G�O���/�
O�N�#/�#?�Q�O 2 �#>N � คE/ 

            - �@#�DQ�#G�O���N/N�EP/� 2 �F�2?!�?2O��!CO�N�#/�#?�O��R!N2!!@�#N�O! �B0
�@��/�  Incremental forming with Asymmetrical Positive Support P�"!Cห?/��Nค%E P/�N#BP!
�%@�O%O/คN/"N/�//�#/�N�F�2?!�?2%N@� �@!#G�#N@��/��F�2?!�?2%N@�  

 

 

 

 

1G!ทCN 2.4 �@#�DQ�#G�O���N/N�EP/� 2 �F�2?!�?2O��!CO�N�#/�#?�N�O! �B0�@��/� 

 

- �@#�DQ�#G�O���N/N�EP/�2�F�2?!�?2O��!CO�N�#/�#?�N�O!�B0�@�%� increment 

forming with Asymmetrical Negative Support P�"!Cห?/��Nค%E P/�N#B P!�@��#BN/��/��/��F�
2?!�?2%N@�คN/"N#/"�/�N�O@2GNQ� �@!#G�#N@��/��F�2?!�?2%N@� O2���?�#G��CP 2.5 
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1G!ทCN 2.5 �@#�DQ�#G�O���N/N�EP/� 2 �F�2?!�?2O��!CO�N�#/�#?�N�O! �B0�@�%� 

 

             3. �@#�D Q�# G�O���N/N�E P/�O�� 2 ห?/��Nค%E P/��CP  Two Sided Incremental 

Forming (TSISF) N�็��@#�DQ�#G�O���N/N�EP/��CP!C�@#Nค%EP/��CP�/�ห?/�� 2ห?/ !Cห?/���DQ�#G� Forming 

Tool �Aห�O@�CP�?��BQ��@�QหON2C"#G�O%>!Cห?/���#>ค%/� Supporting Tool /C�ห?/�Aห�O@�CP�N/"Q��@#
�?�ค?��@#N2C"#G��/�O�N�P%ห> [25] 

 

  

 

1G!ทCN 2.6 �@#�DQ�#G�O���N/N�EP/� 2 �F�2?!�?2O��!CO�N�#/�#?�N�O! �B0�@�%� 

 

  2.2.2 ห?/�� Forming tool N�็�/F��#�์�CP�Aห�O@�CP�?�O�N�P%ห>QหON2C"#G�O���@/# ห?/��
�>2#O@��@�Nห%O��%O@Nค#EP/�!E/�%D��DQ�#G��@!�O/��@#  P�"!C2N/� �#>�/��O@� (Shank) �CP!C��@� 
(Tool Diameter) �CPO���N@��?��@!�Aห�� 2N/�N#C"/ (Taper) O%>ห?/�� (Tool Tip Radius) �DP�/@�
!C%?�1�>O%>��@��CPO���N@��?�ห%@�ห%@"�@!%?�1�>�@��CP�O/��@#�DQ�#G� 
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1G!ทCN 2.7 (a) 2N/��#>�/��/� Forming tool (b) Forming tool Q�%?�1�>�N@�N 

 

�/��@��CQ"?�!Cค/@!�"@"@!�?��@ Forming tool Q�%?�1�>�N@�N N�EP/N�BP!คF� @��/�
�B/�BQ��@�QหO!Cค/@!N#C"��B/!@�"BP��D Q� P�"Q�O Forming tool �CP!C Tool Tip N�็�%G��/%O�O� ห#E/
N#C"�/N@ Roller ball tool �@��@#0D�1@�/� B.Lu, at al. (2014) [22] �CP0D�1@N�#C"�N�C"��@#�DQ�#G�
�O/" Forming tool �CPO���N@��?� 3 O��คE/ ห?/��O��ค��CP (Rigid) ห?/��O��%G��/%Q�O�/�?Q� 
(vertical rollerball tool: VRB) O%>ห?/��O��%G��/%N�C"� (oblique roller-ball tool: ORB ) �?�
O2��Q�#G��CP 2.7 ��/N@N!EP/Q�O Roller ball tool 2@!@#��N/"%�O#�Q��@#�DQ�#G��AQหO�B/�BQ��@�!C
ค/@!N#C"�!@��DQ� �/N@�@#Q�Oห?/��O�� Rigid O%> ห?/��O�� ORB  QหOค/@!N#C"��B/�CP�C�/N@ ห?/��
O�� VRB �?�O2��Q�#G��CP 2.8 

 

 

 

1G!ทCN 2.8 %?�1�>�/� (vertical rollerball tool : VRB) 
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1G!ทCN 2.9 %?�1�>�/� Forming tool (a) Rigid (b) VRB O%>  (c) ORB  

 

2.3 N0O�ท@��@1N B��อ�ห?ว�  Tool path  
�@#2#O@�N2O��@��/�ห?/��2#O@��@��@#//�O��P!N�% 3 !B�B �O/"P�#O�#!ค/!�B/N�/#์�N/"

Q��@#//�O��  (CAD : computer aided design) N�็��@#2#O@�P!%N�% 3 !B�B�@!ค/@!�O/��@#
O%O/�AP!N�% 3!B�B !@2#O@�N2O��@��@#N�B��/�ห?/���O/"P�#O�#!ค/!�B/N�/#์�N/"Q��@#�%B�
(CAM:Computer Aided Manufacturing) �@��@#0D�1@�/� M. Skjoedt at al. (2007)[28]R�O0D�1@
N2O��@��/�ห?/�� ��/N@N2O��@��/�ห?/��Nค%EP/��CPO�� Helical tool path R!N!C�A�B�#BN/��/��/�
�BQ��@�O%>!Cค/@!�N/N�EP/��/��B/Q��@#�DQ�#G��CP�C O%O/�A�F�คA2?P� (G-code&M-code) !@ค/�คF!
Nค#EP/��?�# �CN/O��C (CNC machine) O%O/�A�@#�DQ�#G�  

 

1G!ทCN 2.10 �@#2#O@�N2O��@� �/�ห?/�� 
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2.4 อ3G/BN�C0/"0/ 

2.4.1 คF�0/ ?!B�อ�อ3G/BN�C0/ 5052 

/%G!BN�C"! 5052 N�็�/%G!BN�C"!/?%%/"�์ AL-Mg O!��CN�C"!N�็�2N/��#>�/�ห%?�Q�
/%G!BN�C"!/?%%/"�์ 5052 O%>N�็�/%G!BN�C"!/?%%/"�์�O/��?�2�B!�CPQ�O�?�/"N@�O�#Nห%@" P%ห>�2!�CQ!C
ค/@!O�O�O#�2G� P�"N��@>/"N@�"BP�ค/@!�O@��@��N/ค/@!N!EP/"%O@ ค/@!N�็��%@2�B�O%>ค/@!
�O@��@��@#�?��#N/� O�NR!N2@!@#�N2#B!ค/@!O�O�O#��O/"�#>�/��@#�@�ค/@!#O/� ค/@!N�็�
�%@2�B��CP�CQ��@#�F�O�O��@��DP�N"O� ค/@!N�็��%@2�B��PAQ��@#�F�O�O��@�N"O� ค/@!�O@��@��@#�?�
�#N/��CP�CN"CP"! ค/@!2@!@#�Q��@#N�EP/! />%G!BN�C"! 5052 !C�%�@#�A2CO��/>P�R��์�CP"/�N"CP"! 
�EQ��B/P%ห>O%>ค/@!O�O��/�P%ห>�CP�CN"CP"! ค/@!�O@��@��@#2D�ห#/O%>ค/@!�O@��@��@#�?��#N/� 
O%>/@"F�@#Q�O�@��CP"@/�@� !C�@#Q�O�?�/"N@�O�#Nห%@"Q��%/�P�#0?��์!E/�E/#>�?�R0N/��์ �%/�
Nค#EP/��#?�/@�@0 O%>�O@�/EP�N �CP�O/��@#N/�N���์/P�R��์2G�O%>�EQ��B/P%ห> �/��@��CQ"?�2@!@#�Q�O
�?��BQ�2N/�Pห%��PA�CP�O/��@#ค/@!N�็��%@2�B�2G�O%>ค/@!2@!@#�Q��@#N�EP/!�CP�C O%>2@!@#�
�A�@�Q�2EP/�CPN�็��/�Nห%/ห#E/�P@� N�N� �?�N�EQ/N�%B�#�"��์ /%G!BN�C"! AA5052 N�็�ห�DP�Q�N�#��/�
/%G!BN�C"!�CPR�O#?�ค/@!�B"!2G� N�EP/��@�!CคF�2!�?�B�CPNห!@>2!Q��@#Q�O�@��?Q�Q� @ค/F�2@ห�##!O%>
�@#�%B�2B�คO@ /%G!BN�C"!#C� AA5052 N�็�/?2�F�CP!C2N/��2!ห%?�คE//%G!BN�C"! (Al) O%>O!��CN�C"! (Mg) 

�AQหO!CคF�2!�?�B�CPO���N@��@�/%G!BN�C"!��B�/EP� 2N/��2!�/�O!��CN�C"!�N/"N�BP!ค/@!O�O�O#�O%>
���@��N/�@#�?��#N/��/�/?2�F/%G!BN�C"!#C� AA5052 2@!@#��N@��#>�/��@# Heat Treatment 

N�EP/�#?��#F�ค/@!O�O�O#��@!ค/@!�O/��@# �B"!Q�OQ��@#�%B��BQ�2N/��/�/@�@0"@� N�EP/��@�         
!C2!�?�B�QAห�?�N�@O%>ค/@!O�O�O#��CPN�BP!�DQ� �@#�%B�2N/��#>�/��/�#�"��์N�EP/%��QAห�?�O%>
�#>ห"?��%?��@� 2N/��2!�@�Nค!C�/�/?2�F/%G!BN�C"! AA5052 O2��Q��@#@��CP 2.1 

!@1@�ทCN 2.1 O2��2N/��2!O%>ค/@!O�O�O#��/�/%G!BN�C"! AA5052 

Alloy 
Element (%wt) 

Mechanical properties 

(MPa) 

Si Fe Cu Mn Mg Cr Zn Al Fu Fy E   

Al5052 0.25 0.40 0.10 0.10 2.21 0.17 0.10 Bal. 335 141 70.52 0.32 

 

Q��@#�@�/B0/�##!คF�2!�?�B�@��%�/�/?2�FN�็��ั��?"2Aค?��CP!C�%�#>���N/�#>2B��B @�
�/��@#�DQ�#G��?��?Q��@#ห@คN@คF�2!�?�B�@��%0@2�#์�/�/?2�F2@!@#�ห@R�O�@��@#�A�?//"N@�P%ห>R�
�A�@#��2/�O#��D��#O/!�?��@#/?��@#%�#G��/��BQ��@� N�EP/QหOR�OคN@�$�B�##!�/�/?2�FQ�2 @/>�CP
R�O#?�O#��#>�A�CP�G��O/� 2Aห#?�คN@ Mechanical Properties O2��Q��@#@��CP 2.1 N�็�คN@�CPR�O�@�
�@#��2/�O#��D�!C�?��CQ 

คN@ Fu คE/ Ultimate Tensile Strength (UTS) N�็�คN@�CP�N��/��D�ค/@!O�O�O#�2G�2F��CP/?2�F
2@!@#����N/O#��D�R�O P�"คN@�CQ�>O2���D��C�2F��/�ค/@!O�O�O#��CP/?2�F2@!@#�#?�!E/R�O�N/��CP�>N�B�
�@#ห?�ห#E/O�� 
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Fy คE/ Yield Strength N�็�คN@�CP�N��/��C��A�?�ค/@!O�O�O#��CP/?2�F2@!@#�N�%CP"�#G�O%O/
�C��%?�R�O(deformation) P�"R!NN�B��@#N2C"#G�O���@/# 

E คE/ Modulus of ElasticityN�็�คN@�CP�N��/��D�ค/@!2@!@#��/�/?2�FQ��@#�D��?/ห#E/"E�
�?/N!E P/!C�@#�#?�O#��C P�#>�A�N/!?�Q��@�ค�B�0@2�#์ ,Modulus of Elasticity �G��B"@!P�"
2?!�#>2B��BN�@�ค/@!"E�ห"FN��CPR�O�@�2?!�#>2B��BN�N/�?/�/�"F��N/� (strain) �CP�#>�A�N/�?/�/�/?2�F 

 คE/ Poisson's Ratio ห!@�D�ห#E//?�#@2N/��CPO2���D�ค/@!2@!@#��/�/?2�FQ��@#N�%CP"�
#G��?/Q��B0�@��?Q� (contraction) N!EP/!C�@#�"@"�?/Q��B0�@�O�/�/� (extension) ห#E/��N�C"��?�
Q��B0�@��%?��?� 

ค/@!�O@��@��@#�?��#N/�N!EP//%G!BN�C"!/?%%/"�์2?!�?2�?�/@�@0ห#E/�QA �>N�B��?Q�//�R��์
�DQ� �?Q�//�R��์�CQ�AQหOP%ห>�2!R!N�A��B�B#B"@�?�/�ค์�#>�/��CP!C$��BN�?��#N/� />%G!BN�C"! 5052 R!N!C
#N/�#/"�/��/�O�� �?��?Q��D�"D�N�@>R�O�CN�็��BN01 @"Q�O2 @/>O/�%O/! R!N2D��#N/��N@"N!EP/Q�OQ�
2 @�O/�%O/!�CP!C�QANคO!�DP�/N/��?/O%>P�!�C2N/��#>�/��/�P%ห>�/�O�� �O/"Nห�F�CQ />%G!BN�C"! 
5052 �D�N�็��CP�O/��@#!@� Q��@#Q�O�@��O@�Nค!CO%>�@#N�B�N#E/ N�E P/��@�/>%G!BN�C"! 5052             
!CO!��CN�C"!N�็�/�ค์�#>�/� �?Q�คGN�D��O@��@��@#�?��#N/��CPN�B��@�O/!P!N�C" O/!P!N�C"R0�#/�
R��์ O%>�#�R��#B� O�NN!EP/P%ห>�2!�?Q�2/�2?!�?2�?��B��CPN�็��N@� /@�N�B���B�B#B"@�CPN#C"�/N@ #G�#F� 
(Pitting) N�EP/ห%C�N%CP"��@#�?��#N/� 

�@#N�BP!ค/@!O�O�O#�2@!@#��Aห��2?�%?�1�์Q��@#/�คE�R��?//?�1# T ห#E/ H �DQ�/"GN�?�
��B��/�P%ห>�2! P�" T คE/ �@#N�BP!ค/@!O�O�O#��O/"/B�C�@#/��F� (Heat treatment) O%> H คE/ 
�@#N�BP!ค/@!O�O�O#��@�ค/@!Nค#C"� O2��Q��@#@��CP 2.3 "?�!C�?//?�1#�CP�N/�O@"Q�ห!@"N%�/EP� N 
N�N� O คE/ /%G!BN�C"!�CP�N@��#>�/��@#/�/N/� (Annealed) �?//?�1# W คE/ /%G!BN�C"!�2!�N@�     
�#>�@#/�%>%@" O%> F คE/ As-fabricated �CPR�O�@��@#�%B� �?/N%��N/�O@"�?//?�1# T O%> H �?Q�
O2���#B!@��@#N�BP!ค/@!O�O��@�ค/@!Nค#C"� ��B��@#/��F� ห#E/�#>�/��@#�BN01/EP�N  

 

!@1@�ทCN 2.2  �@#�AO���#>N ��/�/%G!BN�C"!��B��N@�N 

อ3G/BN�C0/ทCNQชOO1��DO�1G! 

1xxxa Commercially pure Al (>99% Al) R!N2@!@#��N!O�O�R�O 
2xxx Al-Cu and Al-Cu-Li 2@!@#��N!O�O�R�O 
3xxx Al-Mn R!N2@!@#��N!O�O�R�O 
4xxx Al-Si and Al-Mg-Si 2@!@#��N!O�O�R�O�O@!CO!O��BN�C"! 

5xxx Al-Mg 2@!@#��N!O�O�R�O 
6xxx Al-Mg-Si 2@!@#��N!O�O�R�O 
7xxx Al-Mg-Zn 2@!@#��N!O�O�R�O 
8xxx Al-Li,Sn,Zr, or B 2@!@#��N!O�O�R�O 
9xxx Not currently used  
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 อ3G/BN�C0/ห3อ�DO�1G! 

1xx.x.b Al R!N2@!@#��N!O�O�R�O 
2xx.x. Al-Cu  2@!@#��N!O�O�R�O 
3xx.x. Al-Si-Cu O%> Al-Mg-Si 2@!@#��N!O�O�R�OO%>R!N2@!@#��N!

O�O�R�O�DQ�/"GN�?�2N/��2! 

4xx.x. Al-Si O%> Al-Mg-Si R!N2@!@#��N!O�O�R�O 
5xx.x. Al-Si R!N2@!@#��N!O�O�R�O 
7xx.x. Al-Mg-Zn 2@!@#��N!O�O�R�O 
8xx.x. Al-Sn 2@!@#��N!O�O�R�O 
9xx.x. "?�R!NQ�O�@�  

 

2.4.2 อ3G/BN�C0/อ?33อ0 ์1C  (Wrought alloy)  

/%G!BN�C"!/?%%/"�์#C� (Wrought aluminum alloy) N�็�ห�DP�Q��#>N ��/�/%G!BN�C"!     
/?%%/"�์�CP�G�#C�#G�N�EP/QหOR�O#G�%?�1�>O%>คF�2!�?�B�CP�O/��@#Q��@��N@� N �DP�!Cค/@!O���N@��@�
/%G!BN�C"!/?%%/"�์ห%N/ (Cast aluminum alloy) �CP�G�ห%N/Q�#G��CP�O/��@#P�"R!N�N@��#>�/��@##C� 

�@##C�/%G!BN�C"!/?%%/"�์!Cห%@"/B�C O�N/B�C�CP���N/"คE/ Extrusion (/?��DQ�#G�) O%> Rolling (#C�) 
�#>�/��@# Extrusion N�็��#>�/��@#�CP/%G!BN�C"!/?%%/"�์�G��?��N@�ห%/�#G��BN01P�"Q�OO#��?�
2G��N@��#>�/��@#�CQ /%G!BN�C"!/?%%/"�์�>R�O#G��#��@!#G��/�ห%/� Extrusion !C�#>P"��์Q��@#
�%B��BQ��@��CP!C#G��#��CP�?��O/� R!N/N@�>N�็��#C�ิ% %G�P�N� ห#E/#G�/EP�N �#>�/��@# Rolling N�็�
�#>�/��@#�CP/%G!BN�C"!/?%%/"�์�G��AO��P�"QหO�N@�#>ห/N@�%G��%BQ��#>�/��@#�CQ�N/"QหOR�OO�N�/%G!B
N�C"!/?%%/"�์�CP!Cค/@!ห�@O%>ค/@!�/O@��@!�O/��@# Rolling N�็��#>�/��@#�CPR�O#?�ค/@!�B"!Q�
�@#�%B�O�N�/%G!BN�C"!2Aห#?��@��N/2#O@� �@#�A @��> O�N��?� O%>/EP�N �@#N%E/�Q�O Extrusion 

ห#E/ Rolling �DQ�/"GN�?�%?�1�>O%>�O/�Aห���/��%B� ?��์�CP�O/��@#/%G!BN�C"!/?%%/"�์#C�!?��G�
�A!@Q�OQ�ห%@"/F�2@ห�##!N�N� "@�"��์, /@ห@#, �@#�N/2#O@�, O%>/F�2@ห�##!/EP� N �CP�O/��@#
/?2�F�CP!C�QAห�?�N�@ ค/@!O�O�O#� O%>ค/@!ค����@��N/2 @�O/�%O/!�N@�N 

 

!@1@�ทCN 2.3  2?�%?�1�์O2��/B�C�@#�#?��#F�2!�?�B/%G!BN�C"!�2! 

F As-fabricated  

O Annealed (�@#%�ค/@!O�O�) 
H Strain Hardened(ค/@!O�O��CPN�BP!�DQ��@�ค/@!Nค#C"�) , Cold-worked(�@#�DQ�#G�N"O�) 
H1 O2��N��@>ค/@!O�O��CPN�BP!�DQ��@�ค/@!Nค#C"� 

H2 ค/@!O�O��CPN�BP!�DQ��@�ค/@!Nค#C"�O%>N�B��@��@#/�/N/� 

H3 ค/@!O�O��CPN�BP!�DQ��@�ค/@!Nค#C"� P�"�@#/�/N/��CPNห!@>2! 

 H16- �@#�A�@�O��N"O��CPQหOค/@!O�O�O#�Q��@#�D��D��@!�%@�#>ห/N@�2 @/> H14 

O%> H18 
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 H18- �@#�A�@�O��N"O��CPQหO�@#%�%��#>!@� 75% 

 H19- �@#�A�@�O��N"O��CPQหOค/@!O�O�O#�Q��@#�D��CP!@��/N@ 2,000 psi �/�คN@�CPR�O
�@��@#�#?�/@#!�์ H18 

 H2x- �@#�A�@�O��N"O�O%>�@#/�/N/��@�2N/� 

 H3x- �@#�A�@�O��N"O�O%>�AQหON2#O�2!�G#�์�CP/F�ห G!B�PAN�EP/�O/��?��@#�N!O�O��@!
/@"F�/�Pค#�2#O@� 

W #?�1@/F�ห G!B2G�N�EP/�#?�Pค#�2#O@� 
T �#>�/��@#�@�ค/@!#O/� (Heat treatment) 
 T1-�%N/"QหON"O��?/Q��##"@�@0 O%>�N!O�O��##!�@�B 
 T2-�%N/"QหON"O��?/Q��##"@�@0 (Cold-worked) 
 T3-�A�@#/�%>%@"�%N/"QหON"O��?/�N/�O/"�@#�N!O�O� (Naturally Aged) 
 T4-�A�@#/�%>%@"�N/�O/"�@#�N!O�O�QหOค/@!O�O�ค��?/ 

 T5-�%N/"QหO�BQ��@�N"O��?/%�Q�2 @�N�B! �N/�O/"�@#�N!O�O�N�C"! (Artificially aged) 
 T6-�A�@#/�%>%@" �N/�O/"�@#�FN!�F� O%>�A�@#�N!O�O�N�C"! 

 T7-�A�@#/�%>%@" O%> �@#/�ค� @� (Stabilized) 
 T8-�A�@#/�%>%@"O%>�%N/"QหON"O��?/Q��##"@�@0 �N/�O/"�@#�N!O�O�N�C"! 

 T9-�A�@#/�%>%@" �N/�O/"�@#�N!O�O�N�C"!O%>�%N/"QหON"O��?/Q��##"@�@0 

 T10- �%N/"QหON"O��?/Q��##"@�@0 �N/�O/"�@#�N!O�O�N�C"! 

(�CP!@ : Donald R Askeland, and Pradeep Prabhakar Phulé, The Science and Engineering of 

Materials (Springer, 2006) 
2.5 ว?0 FทANค1ENอ�/EอQ��@1� �DO�1G! 

 Nห%O��%O@Nค#E P/�!E/!@�#�@�JIS N�#� SKD 11 N�็�Nห%O��%O@Nค#E P/�!E/�@�N"O��#>N �
ค@#์�/�2G�O%>Pค#N!C"!2G� N�็��%FN!�CP!C�@#Q�O�@��?�!@��CP2F�Q��%FN!Nห%O��%O@Nค#EP/�!E/N"O� �@�F�2!
ห%?� คE/ ค@#์�/� Pค#N!C"! O%> P!%B�BN�C"! P�"!CคF�2!�?�B���N/�@#2D�ห#/ O%>�@#N2C"�2C�CP�CN"C"! 
�AQหO2@!@#�#?�1@ค!R/OR�O�@� �DP�N�็��%!@�@��#B!@�ค@#์R��์Q�#>�?�2G�O%>Pค#�2#O@�N�!N�/#์
!@N��R��์ @"ห%?��@#�@#�F�O�O�O%>/�คE��?/ (Tempering) /"N@�R#�O�@!�O/�A�?��#>�@#2Aค?�
�/�Nห%O��%O@Nค#EP/�!E/�%FN!�CQคE/ ค/@!2@!@#�Q��@#�%D� �?� �?� R2 �CP�PAO%>!Cค/@!Nห�C"/%�%�N!EP/
N�C"��?�Nห%O��%O@Nค#EP/�!E/�@�N"O�Q��%FN!/EP��DP�!CคF�2!%?�1�>N�N� N �?��CQ 

1. !Cค/@!�O@��@��N/�@#2D�ห#/2G�!@� 

2. !Cค/@!Nห�C"/O�#N��/Q�O 
3. �F�O�O�R�O%D�!@� !Cค/@!2@!@#�Q��@#�F�O�O�2G�!@� O%>�F�O�O�Q�N�@2G��@�@0R�O 
4. �O@��@��@#/N/��?/�CP/F�ห G!B2G�R�O�C 
5. N�B��@#�B��/�O/"!@��%?��@#�F�O�O� 
6. �O@��@��@#2G�N2C"ค@#์�/��CP�B/R�O�PA 
7. 2@!@#��AR�R�#�BQ�ห%?��@#�F�O�O�R�O 
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!@1@�ทCN 2.4 คF�%?�1�>�?P/R��/�Nห%O� JIS SKD 11 

 

 

2.6 �@1N!3CN0�1G!�อ�P3ห>O"N�Q�1>�@ คว@/NคO� (Deformation of Sheet in Plane Stress) 

Q���>�CP!C�@#N�%CP"�#G���#>�@�ค/@!NคO� (Plane stress) �B�@#�@ (Work hardening) 
�/�/?2�F �DP�N�O@�A%?��#>"F��์Q�O�$1�C2?�2N/��@#N�%CP"�#G� Q�#G��CP 2.11 %?�1�>�CP"?�R!N!C�@#N�%CP"�
#G��CPค/@!ห�@  t0 ��@�N2O��N@�0G�"์�%@� d0 ห#E/�@#@���@�  d0 �?�#G��CP 2.11 (�)  �?��?Q�Q�
#>ห/N@��@#N�%CP"�#G�/��%!�>N�%CP"�R�N�็�/�#C O���/� Major คE/ d1 O�/O���/� Minor คE/ d2 
�O@�#?��@#@�2CPNห%CP"!QหON�O@�?��B0�@�ห%?��/��#B�/��%! �>�%@"N�็�2CPNห%CP"!�E��O@ �?�#G��CP 2.11 
(�) 2N/�ค/@!ห�@ คE/ t �@!�CP�#�C �?�#G��CP 2.11 (ค) ค/@!NคO��CP�AQหON�%CP"�#G�คE/ 1  O%> 2 [13] 

 

 

 

 

 

 

 

 

               (�)                            (�)                                   (ค) 
   (�)         (�)                     (ค) 

 

1G!ทCN 2.11  (�) /��%!��P%ห>O�N� ��>�CP"?�R!NN�%CP"�#G�  (�) N!EP/!C�@#N�%CP"�#G��#B� 

      /��%!�>N�%CP"�N�็�#G�/�#C ��@��/�O��ห%?�คE/ d1 O%>��@�O��#/�คE/ d2  

      (ค) �@#�D�,T, ห#E/O#�2N��N@��N/ห�N/"ค/@!�/O@�  
 

2N/��2!�@�Nค!C(%wt.) 
C Cr Mo V 

1.55 12.0 0.7 1.0 

AISI D2 

JIS SKD-11 

DIN 1.2379/x155 CrVMo12-1 

2 @��Aห�N@" /�/N/�ค/@!O�O�2G�2F� 250 HB 

2 @�ห%?��F� �F�O�O�O%>/�คE��?/ 58 – 62 HRC 
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2.7  O"�.@พคว@/Nค1C0  (Strain diagram)[9] 

ค/@!Nค#C"�N��@>�F��CPN�B��DQ�  2@!@#�/?�R�O�@��#B�/��%!Q�#G��CP 2.11 

 

 

(�)                          (�)     (ค) 
 

1G!ทCN 2.12  (�) �@#�DQ�#G��O/"�#��#>�/� (�) �BQ�2N/�"N/"�/��O/"�#��#>�/�O2��คN@  
          ค/@!Nค#C"��CP/?�R�O (ค) �%คN@ค/@!Nค#C"��CPR�O�@��@#�DQ�#G��O/"�#��#>�/�  

 

2.7.1  คN@ค/@!Nค#C"�ห%?� (Principal Strains)[9] 

              ค/@!Nค#C"�ห%?��CPN�B��DQ��F�2F��O@"�/��#>�/��@#  
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2.7.2  /?�#@2N/��/�ค/@!Nค#C"� (Strain ratio) [9] 

              P�"���BN2O�O�/ค/@!Nค#C"� (Strain Path) "?�ค�N�็�2?�2N/�N2O��#�  
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2.8 คว@/ห0@ "Bว 

ค/@!ห"@��B/O%>/B�C�@#/?�คN@ (surface roughness  

          �BQ��@��CP�DQ�#G��@��@#�%B��O/"�##!/B�C�N@� N�N� �#>�/��@#ห%N/,�#>�/��@##C�  
�DQ�#G�,�#>�/��@#��/?��DQ�#G� O%>�#>�/��@#�@��B/�O/"Nค#EP/�!E/�% �B/�CP//��@��#>�/��@#
Nห%N@�? Q� N!E P/�A!@�"@"�>��/N@�B/�@��CP//�!@�? Q�!C%?�1�> �#F�#>N�็�ค%E P�2G� �PA R!NN�N@�?�          
/?�N�EP/�!@�@�ค/@!R!N�G��O/��@�N#�@ค�B� �/��#>�/��@#�%B��B/ห�O@�?�ค/@!ห"@� (Roughness) 

�DP�N�็�ค/@!R!N2!PAN2!/ห#E/ค/@!R!N�G��O/��CPR!N2@!@#�ห%C�N%CP"�R�O�@��#>�/�/B�C�@#�%B�  ห�DP�Q�
�ั�ห@ห%@"N/"N@��/��@#/?�ค/@!ห"@��/��B/ห�O@�OคE/ �@#O"�ค/@!N�็�ค%EP� //��@�ค/@!ห"@� 

�?��?Q��AN�็��O/�!C�@#�O@�?��@#�#/�2/��/��B/ห�O@�/��BQ��@�N�็��N/�ค/@!"@/ห�DP�N#@N#C"�/N@ค/@!
"@/ค%EP��?�!@�B�@#�@ Cut-off wavelength �DP�!C�@#�O@ห��N�็�!@�#�@� ISO 4287:1997QหO!C
#>">ค/@!"@/ค%EP��?�N�N@�?� 0.25 !B%%BN!�# 0.8 !B%%BN!�# O%> 2.5 !B%%BN!�# �@#/?�คN@ค/@!ห"@�
�/��B/�BQ��@#�@!!@�#�@��/� ISO 4287:1997 !Cห�N/"/?� 3 คN@R�OO�N Rt, Ra O%> Rz N�N@�?Q� 

          �@#ห@คN@ค/@!ห"@� Rt  คE/คN@/?��@��AOห�N�2G�2F��D��AOห�N��PA2F��/�#>">ค/@!
"@/ค%EP��?�  �DP�!Cห�N/"N�็�R!Pค#N!�# (um)  

 

 

 

1G!ทCN 2.13 O2���EQ��CPNห�E/N2O�0G�"์�%@�O%>Q�ON2O�0G�"์�%@�   
 

          �@#ห@คN@ค/@!ห"@�  Ra  คE/คN@ค/@!ห"@��B/�CPห@R�O�@��@##/!�EQ��CP"/�Oห%!
�/�ค%EP�Nห�E/N2O��DP��%@�  (M-Line)  �?��EQ��CP"/�Oห%!�/�ค%EP�Q�ON2O��DP��%@� ห@#�O/"ค/@!"@/
N�%CP" (Lm)  P�"�CPคN@�/� Ra  !Cห�N/"/?�N�็�R!Pค#N!�# (um) 
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1G!ทCN 2.14 �@#/?�คN@ค/@!ห"@��B/ 

 

�@#ห@คN@ค/@!ห"@� Rz ห!@"�D� คN@ค/@!ห"@��B/  �DP�ห@R�O�@��@#/?�/?�2G�R�O�@��@#/?�
�AOห�N�2G�2F��D��AOห�N��PA2F��/�O�N%>�N/��CP/?�O�N%>�N/�N�N@ N �?� Q� 5 �N/� O%O/�AคN@ค/@!2G��?Q� 
5 �N/�!@N�%"�>R�OคN@ค/@!ห"@� Rz  !Cห�N/"N�็�R!Pค#N!�#  (um) 

 

1 2 3 4 5( )

5
Z Z Z Z Z

Z

R R R R R
R

+ + + +
=                                          (5) 

 

 

 

1G!ทCN 2.15 �@#/?�คN@ค/@!ห"@��B/N�%CP"�/��EQ��CP�B/ 
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2.9 คว@/NคO�!�คO@� 
ค/@!NคO���คO@� !Cค/@!2?!�?��์�?�O#� (Forces) O%> O#�คG Nค/� (Moments) �D P�!C/"GN         

Q�2 @/>2!�F% @"Q�/ ?2�FQ��@#�D Q�# G�P%ห>O�N�N�็��@#N�%C P"�# G�/"N@�"E�ห"F N� ( Elastic 

deformation) O%>ห#E/ �@#N�%CP"�#G�/"N@��@/# (Plastic deformation) �CPN�B��DQ��#>�@"/"GN/"N@�
R!N2!PAN2!/Q�O�N�P%ห>  @"Q�O�@#O�N�#>�?�#G�O���/�Pค#�2#O@��F% @ค�/�/?2�F ค/@! NคO���คO@�
�>!CคN@ N�็�คN@ค��CP �DP��O@N�็��N/�@#/BNค#@>ห์O%>�/��#B!@�ค/@!NคO���คO@� [12-15] 2@!@#�O�N�
�@#�/��#B!@�ค/@!NคO���คO@�N�็� 3 ��B� �@!#>�?���@�2N�% (Scale) �?��CQ 

 1. ค/@!NคO���คO@���B��CP 1 (Type 1) N�็�ค/@!NคO���คO@�#>�?�!ห @ค (Macro residual 

stress) �DP�N�็�คN@ค��CPP�"N�%CP"�%/��N/�Pค#�2#O@��F% @ค#>�?��N/�ห%@"N�#� (Grains) #/!�?Q��/�
N�#� (Grain boundary) �O/" O%>/"GNQ�2!�F% @"Q��#B!@�#N�EQ//?2�F�?Q�ห!� N�N� �#>�/��@#N�EP/!
P%ห>2/�O�N��B��?�O%O/N�B��@#�B�N�CQ"/�/�/?2�F�?Q��O/� ห#E/ �#>�/��@#�?��B/ �O/"�@#"B�/�F @ค 
(Shot peening) 

 

 

 

1G!ทCN 2.16 ค/@!NคO���คO@���B��CP 1 (Type 1) [11] 

 

2. ค/@!NคO���คO@���B��CP 2 (Type 2) N�็�ค/@!NคO���คO@�Q�#>�?��F% @ค (Micro residual 

stress) �DP�N�็�คN@ค��CPP�"N�%CP"�/�Pค#�2#O@��F% @ค#>�?��%D� (Crystal structure) ห�DP�N �DP��>/"GNQ�
2!�F%�N/��%D�ห%@"�%D� N�N� ค/@!NคO���คO@��CPN�B��@��$�B�##!O��"E�ห"FN� O%>�%@2�B��/�/?2�F 
#/!�D��$�B�##!�@#�"@"�?/N�EP/��@�/F�ห G!B (Thermal expansion) �CP O���N@��?��/�O�N%>
Pค#�2#O@��%D�N�C"/ (Single Crystalline) �/�/?2�FPค#�2#O@�O���หF�%D� (Polycrystalline material) 
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 1G!ทCN 2.17 ค/@!NคO���คO@���B��CP 2 (Type 2) [11] 

  
3. ค/@!NคO���คO@���B��CP 1 (Type II) N�็�ค/@!NคO���คO@�Q�#>�?��F% @ค (Micro residual 

stress) Q�#>�?�2N�%/"GN @"Q�#>�?�/>�/! (Atomic Scale) R�OO�N ค/@!�B����B�/� Pค#�2#O@��%D� 
N�N� �@#N�B��@#O�#��?/�/�/>�/!/EP�Q�Pค#�2#O@��/�/?2�F ( Interstitial) �@#N�B��B2P%Nค�?P� 
(Dislocation) N�็��O� 

 

 

1G!ทCN 2.18 ��B��/�ค/@!NคO���คO@�O�N��@!#>�?�2N�% (Scale) P�"�CP/?�1#�##��C�?/หO/" M O�� 
N�2N�EQ/�EQ� O%> R O�� N�2/?2�FN2#B!O#� (Reinforcement) [11] 
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ค/@!NคO���คO@�2@!@#�N�B�R�O�@� 3 2@Nห�F R�OO�N 
     �)  @#>�@��% @"�/� (Applied mechanical load) N�N� �#>�/��@#�?��B/�O/"�@#      
"B�/�F @ค (Shot peening) �#>�/��@#�DQ�#G�P%ห> �@��ัP!�DQ�#G� �@��?� �@��?�PคO� 
     �) �@#N�%C P"�O�%��/�/F�ห G!B (Thermal residual stress) N�N� �@#�B�N�C Q"/�/� 

Pค#�2#O@�/?2�Fห%@"N�2N!EP/!C�@#N�%CP"�O�%��/�/F�ห G!B (Thermal) N�EP/��@�2?!�#>2B��BN�@# 
�"@"�?/�@�ค/@!#O/��/�O�N%>N�2R!NN�N@�?�  N�N��#>�/��@# N�E P/!P%ห>O��ห%/!%>%@" 
�#>�/��@#�F�O�O� 

     ค) �@#N�%CP"�O�%�N�2�/�/?2�F (Phase transformation) �DP��#B!@�#ห#E/Pค#�2#O@�N�2
�CPN�%CP"�R� �DP�/@��>N�B��@��@#O�#N�/�/>�/!�@�N�2�O@�NคC"�ห#E/�@�2BP�O/�%O/!/EP�N�O@!@O�#�
/"GNQ�Pค#�2#O@� (Physical absorption)  N�N� �#>�/��@#/��F�P%ห> 

!C�@#0D�1@ค/@!NคO���คO@�N�EP/��@�/F�ห G!BO%>#/�#/!O���O@%/�ค/@!NคO���คO@� Q�/?2�F
�2!N�EQ/�EQ�N�#@!B�Q��@�/B�?"�/� Francisco C Serbena [16] 2Aห#?�/?2�FN�EQ/�EQ�N�#@!B��CP!CN�2
N%O�N�#��%!�#>�@"/"GNQ�N�EQ/�EQ� (Particles dispersion in ceramic matric) !CO���O@%/� 

 

2.10 �@1วBNค1@>ห์�@1N3CO0วN � The X-ray diffraction technique  

Nค#E P/��?�#�C PQ�OQ��@#/BNค#@>ห์�@#N%C Q"/N��  X-Ray Diffractometer Model XRD 6100 
2kw Shimadzu P�"Q�O#?�2C Cu−ñ  O#�Nค%EP/�R��O@ 60 kV O%> 80 mA �#O/!�?/N�O@N�็��B�N�B% 

ò−K  �@#��2/�#>�@��@#N%CQ"/N�� 2  !F!�@#N%CQ"/N��!@��/N@ 120o N�EP/#>�F!F!"/�2G�2F�    
P�"�A�@#2O���?Q�O�N!F! 20o- 80o �@#/BNค#@>ห์ค/@!NคO���คO@��/��BQ��@��CP�N@��@#�DQ�#G��O/"
�#>�/��@# TISF �A�@#ห@�#B!@�ค/@!NคO���คO@�P�"�@#/?�ค/@!Nค#C"�O��2!PAN2!/ (Uniform 

Strain) �@��@#N�%CP"��N/�ค/@!�/O@� (Peak Broadening) � �AOห�N�ค#DP�ห�DP��/�"/�ค/@!N�O!     
�A�@#N%E/�Q�ON�ค�Bค�/� Williamson-Hall : FWHM P�"�@#�B�@#�@ค/@!Nค#C"��@��N/�ค/@!�/O@�
�/�"/��@!!F! 2 P�"�CPค/@!Nค#C"��F% @ค2@!@#�คA�/�R�O�?�2!�@#�CP (6) P�"�CP 

Tò คE/ �N/�ค/@!
�/O@��/�"/�ค/@!N�O! 

Dò คE/ �@#N�%CP"��N/�ค/@!�/O@��/�"/��@��@#N�%CP"�O�%���@��/��%D� 
O%> õò คE/ �@#N�%CP"��N/�ค/@!�/O@��/�"/��@��@#N�%CP"�O�%�ค/@!Nค#C"� 

 

õòòò += DT            (6) 
 

P�"�C P��@��/��%D� Crystallite size: 
Dò

 

คA�/��@�2!�@#�/�  Scherrer  formula      
�?�O2��Q�2!�@#�CP (7)  �DP� k is a dimensionless shape factor  has a value of about 0.9, 
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คE/ ค/@!"@/ค%E P�# ?�2 C N/��์! Cค N@N� N@� ?� 1.54056 nm,  D คE/ Crystallite size O%> 2 คE/ 
Diffraction angle  

 

ò

cosD

k
D =

 

 or    


ò
cosD

k
D =                                                             (7) 

 

O�N�#�Cค/@!Nค#C"��F% @ค2@!@#�คA�/��@�2!�@# õòõ tan4=  

�?��?Q�     

õ


ò tan4
cos

+=
D

k
T

         (8) 
 

P�"�CP  cos/sintan =   �@��?Q��D��AR�O��คN@Q�2!�@#�CP (8) �>R�O2!�@#�?�2!�@#�CP (9)  
 


õ


ò

cos

sin
4

cos
+=

D

k
T

 
         (9)

 
 

�A�@#O�O2!�@#P�"�A cos  คG��?Q�2/��O@� �>R�O2!�@#�CP (10) �DP�/"GNQ�#G��/�2!�@#ค/@!�?�       
y = mx + c  P�"�CP yT =ò cos , m=õ , x=sin4 O%> cDk =/  

 

  

  

�A�@#คA�/�ค/@!NคO���คO@��@�คN@N�%CP"�CPR�O�@��@#�#?�2!�@#N2O��#��O/"�A%?�2/�    
�O/"2F� (Least square fit) �@��#@� ò cosT �?� sin4  O%O/Q�O2!�@#�CP (11) 2Aห#?��@#คA�/�
คN@ค/@!NคO���คO@� P�"�CP ö  คE/ ค/@!NคO�ห%?��@#�D Q�#G� , E คE/ Modulus of Elastic, 

 

คE/ 

Poisson's ratio  O%> m คE/ คN@ค/@!�?��@��@#�#?�2!�@#N2O��#� #>ห/N@� ò cosT �?� sin4  

 

m
E

÷
ø
ö

÷
ø
ö

+
=

1
 ö               (11) 

 

 

 

 

 

D

k
T

õò += )sin4(cos           (10) 
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2.11 �@�วB�?0ทCNN�CN0ว�Oอ� 
�@#�DQ�#G�O���N/N�EP/�O�� 2 �F� �F�N�N�Q��@#��%/��CQN�็��#>�/��@#�CQคE/ค/@!"E�ห"FN�  

Q��@#�DQ�#G� O%>2@!@#�Q�O�@��?��@#�DQ�#G��CP!Cค/@!�?��O/�R�O �G O/B�?"R�O�A�@#0D�1@�@�/B�?"          
�CPN�CP"/�O/� P�"!C�@�/B�?"�CPN�CP"/�O/� �?��CQ 

�@��@#0D�1@�/� B.Lu, at al. (2014) [22] �@#�?��@ Forming tool Q�%?�1�>�N@�N     
N�E P/N�B P!คF� @��/��B/�BQ��@�QหO!Cค/@!N#C"��B/!@�"BP��D Q� P�"Q�O Forming tool �CP!C Tool Tip      
N� ็�% G��/%O�O� ห# E/N# C"�/ N@ Roller ball tool �@��@#0D�1@�/� B.Lu, at al. (2014) [29]         
0D�1@N�#C"�N�C"��@#�DQ�#G��O/" Forming tool �CPO���N@��?� 3 O��คE/ ห?/��O��ค��CP (Rigid)      
ห?/��O��%G��/%Q�O�/�?Q� (vertical rollerball tool : VRB) O%>ห?/��O��%G��/%N�C"� (oblique 

roller-ball tool : ORB ) �?�O2��Q�#G��CP 6 ��/N@N!EP/Q�O Roller ball tool 2@!@#��N/"%�O#�Q�    
�@#�DQ�#G��AQหO�B/�B Q��@�!Cค/@!N#C"�!@��DQ� �/N@�@#Q�Oห?/��O�� Rigid O%> ห?/��O�� ORB        
QหOค/@!N#C"��B/�CP�C�/N@ ห?/��O�� VRB  

 Ajay Kumar, at al. R� O�A�@#�#/�2/��%�#>���/��@#@!BN�/# ์� N/ค/@!ห"@��B/            
Q��#>�/��@# Incremental Sheet Forming (ISF) 2Aห#?�O�N� AA2024-O �%�@#0D�1@��/N@
ค/@!ห"@��/��B/N�B P!�D Q�N!E P/N2O��N@�0G�"์�%@�Nค#E P/�!E/%�%� O%>Nค#E P/�!E/�%@"ค#D P�/��%!          
QหOคF� @��EQ��B/�CP�C�DQ��/�2N/��#>�/��CP�DQ�#G�N!EP/N�C"��?�Nค#EP/�!E/�%@"O�� 

 J. León, at al. R�O/BNค#@>ห์/B��B�%�/��@#@!BN�/#์O%>#G��#��/��CP�/��BQ��@��N/คF�2!�?�B
�@��%�/�� B Q��@��CP� D Q�# G�P�"�#>�/��@# Incremental Sheet Forming (ISF) �@#0 D�1@�CQ               
!C/?��F�#>2�ค์N�EP/N�BP!�#>2B��B @��#>�/��@# ISF O%>N�#C"�N�C"��?��#>�/��@#�DQ�#G�P%ห>/EP�N 

 Amir Ali Nourmohammadi, at al. R�O2A#/��@#Q� OO! N� B!� ์O��ห%@"� F�� C P�Aห��
คN@�@#@!BN�/#์Qห!NQห!NR�OO%>Pค#�2#O@�#/�#?� N�EP/N�BP!ค/@!"E�ห"FN��/��@#�DQ�#G�O��2/��F� (TPIF) 

2Aห#?��@#�DQ�#G�O�N�/>%G!BN�C"!�CP!C�EQ��B/#G��#�/B2#> �@#�#/�2/�N�B���%/�O%>N�B��?/N%�O2��
QหONหO�/N@O!N�B!�์ห%@"�F��N/"QหO2@!@#��%B��BQ�2N/�2!!@�#O%>/2!!@�#�N@�N �CP!C��@�O%>#G��#�
N#�@ค�B��CPO���N@��?��O/"ค/@!O!N�"A�CP"/!#?�R�O �@#N�BP!O�N�"@�#>ห/N@�ห!F�O%>O�N�/%G!BN�C"!
�N/"�#?��#F�คF� @��EQ��B/ O%>�@#N�BP!ค/@!O�O��/�O�N�"@��N/"N�BP!ค/@!ห�@�?Q ��PAO%>ค/@!
O!N�"A�/��BQ��@� 

 Le Van Sy, at al.  �@#0D�1@�CQ0D�1@�%�#>���/�2@#ห%N/%EP�O%>/B�C�@#ห%N/%EP��N/คF� @�
�EQ��B/O%>ค/@!O!N�"A�@�N#�@ค�B�Q��#>�/��@#�DQ�#G�O�N�2N/�N�BP! �%�@#��%/�O2��QหONหO�/N@
2@#ห%N/%EP�O���2!�N/"�#?��#F�คF� @��EQ��B/O%>ค/@!O!N�"A�@�N#�@ค�B�R�O/"N@�!C�?"2Aค?� 
Q���>�CP�QA!?��E�N�็��@�N%E/��CPคFO!คN@O%>N�็�!B�#�N/2BP�O/�%O/!P�"!CคF� @��EQ��B/Q�%ONคC"��?�
�QA!?�Nค#EP/� 



 

 
 

$!!CP 3 

วB"C�AN#B#�@1วB�?0 

 Q%�@# AN%B%�@%/B�?"%CQN'็%�@## %อ��DQ%#G'P%ห>O(N% O/"�#>&/%�@#�DQ%#G'P%ห>O(N%!NอN%EPอ� 
O&& 2 �F  N�EPอ0D�1@!?/O'##CP!C(%!Nอค/@!N#C"&(B/ O%>ค/@!NคO%!�คO@� @"Q%�BQ%�@%ห%?�#A�@#     
�DQ%#G'�อ��#>&/%�@#�DQ%#G'อ%G!BN%C"!O(N% AA5052 Q%�#>&/%�@#�DQ%#G'O&&!NอN%EPอ�  O/"/B$C�@#
ห!F%ห?/�  P "!C!?/O'#R OO�N ค/@!N#O/#อ&Q%�@#ห!F%ห?/�  O%>#>">ค/@!%D��อ�ห?/�              
P "!C�?Q%!อ%Q%�@# AN%B%�@% ?�#G'#CP 3.1 

 

 

 

 

 

 

 

 

 

 

 

  

 

   

 

 

 

 

 

 

 

 

 

1G%!CP 3.1 �?Q%!อ%�อ��@# AN%B%�@#/B�?" 

 

 

�#>&/%�@#�DQ%#G'O&&!NอN%EPอ�O&&2�F  

#A�@#!? �BQ%# 2อ& 

/BNค#@>O%>2#F'(% 

ห?/� ,อF'�#�์�?&"D ,O(N%อ%G!BN%C"!
,

0D�1@ห@�Oอ!G%�@��@%/B�?" 

/? ค/@!Nค#C" #CPN�B �DQ% 

#A�@#�DQ%#G' 

/? ค/@!ห"@&(B/ 

!?/O'#Q%�@## %อ� 

/? ค/@!NคO%
!�คO@�

�? #A#@"�@% 
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3.1 �1>$ว#�@1!�.อ$ 

 Q%�#>&/%�@## 2อ&(GO/B�?"R ON!#C"!�BQ%�@% AA5052  O/"�@#!? QหOR O�%@ !@!#CP�Aห% O%O/
�@�%?Q%#A�@#�? (B/�อ��BQ%�@% O/"N#ค%Bค!@#@�/��%!R/ON�EPอ/BNค#@>ห์�@#N'%CP"%O'%��อ�!@#@�
/��%! �@�% ? Q%#A�@#� D Q%# G'� B Q%�@% O/"�#>&/%�@#� D Q%# G'! NอN% E Pอ� O&& 2 � F  �@�%?Q%                      
�>%A�BQ%�@%#CP(N@%�@#�DQ%#G'R'/BNค#@>ห์0D�1@Pค#�2#O@�(%D�O%>0D�1@N�CP"/�?&(%�#>#&�อ�!?/O'#   
#CP2N�(%!Nอค/@!N#C"&(B/O%>ค/@!NคO%!�คO@�Q%/?2 F !@!�#>&/%�@#!NอR'%CQ  

  

 3.1.1 N!#C"!�BQ%�@%  

  N!#C"!�BQ%�@%# 2อ& O(N%อ%G!BN%C"! AA5052 ห%@ 1 !B%%BN!!# #A�@#!? QหO!C�%@ 
ค/@!�/O@� 200 !B%%BN!!# ค/@!"@/ 200 !B%%BN!!#   

 

1G%!CP 3.2 �BQ%�@%# 2อ& อ%G!BN%C"! AA5052  

 

 3.1.2 �@#N!#C"!ห?/�  

  Q%�@#N!#C"!ห?/�  /?2 FQ%2N/%�อ��O@%#A�@�Nห%O��%O@Nค#EPอ�!Eอ N�#  SKD11!@!
!@!#�@% JIS #A�@#�%D��DQ%#G' P "QหO�%@ �อ�&#BN/��?&"D ห?/� !CN2O%(N@%0G%"์�%@� 22 !B%%BN!!# 
ค/@!"@/#?Q�ห!  100 !B%%BN!!# &#BN/�'%@"ห?/� !C�@#�? �DQ%N'็%ห%F!PคO�N�EPอQหO�อ C�?& %G�&อ%
Nห%O�"CหOอ NTN Bearings �%@  8 !B%%BN!!# P "%?�1�>�อ�ห?/� �>O2 � ?�#G'#CP 3.3 
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1G%!CP 3.3 ห?/� �DQ%#G'  
 

 3.1.3 อF'�#�์�?&"D O(N%P%ห> 

 �@#2#O@�อF'�#�์#CPQ�O2Aห#?&�?&"D O(N%P%ห>Q%�#>&/%�@#�DQ%#G'!NอN%EPอ�O&& 2 �F 
Pค#�2#O@�#A�@�Nห%O�ห%@ 20 !B%%BN!!# �? �DQ%#G' !CN2@ 4 !O%#A�@�2%?��F&O�O� �%@ N2O%(N@%คG%"์
�%@� 32 !B%%BN!!# "@/ 210 !B%%BN!!# '%อ�#อ�N%EPอ%#A�@�#อ�Nห%Eอ�#AQหO�@#Rห%�DQ%N'็%R'   
อ"N@��N@" @" #>&&�?&"D  O/"2�#G M6 O&&ห?/�!#?Q�ห!  26 !?/ (N@%Oค!'N 4 �BQ% N�EPอQหO�@#�?&"D 
!?P%ค�O�O�O#� �@%#อ�#?&N��@>�F #A�@�Nห%O� S45C �%D�'@ ห%O@%&ค! R5 &#BN/��อ&O%>"D     
 O/"2�#G M8 O&&ห?/�! 

 
 

1G%!CP 3.4 อF'�#�์�?&"D P%ห>O(N%Q%�#>&/%�@#�DQ%#G'!NอN%EPอ�O&& 2 �F   
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3.2 �@1ออ�O$$�@1!�ลอ�  
 3.2.1 �@1�Aห#��?วO%1!CPใช้ใ#�@1!�ลอ� 
  Q%�@#ออ�O&&�@## %อ� (DOE: Design of Experiment) #@�(G O/ B� ?"R OQ� O/ B$C
ออ�O&&�@## %อ� O/"N#ค%Bค#@�G�B (Taguchi) O&&O%/�@�(Orthogonal) L9 O%>#A�@#/BNค#@>ห์
(%�#>#&�อ�!?/O'#Q%�@## %อ� O/"N#ค%Bค Signal-to-Noise Ratio (S/N Ratio) N�EPอห@!?/O'#Q%�@#
�DQ%#G'#CP2N�(%�#>#&!Nอค/@!N#C"&(B/O%>ค/@!NคO%!�คO@��อ�/?2 FQ%�#>&/%�@#�DQ%#G' P "Q%�@#
# %อ��DQ%#G'!C 2 !?/O'# R OO�N ค/@!N#O/#อ&Q%�@#ห!F%ห?/�  O%>ค/@!%D��อ�ห?/�   
        3.2.2 !@�GชB (Taguchi Method) 

  Q%�@## %อ�(GO/B�?"Q�ON#ค%Bค#@�G�B O&&O%/�@� P "Q�ON#ค%Bค�@## %อ� 9 ค#?Q� 
P "O!N%>Q%O"/�อ�!?/O'#Q%!@#@� �@#�Aห% !?/O'#Q%�@## %อ��>R!N�QA�?% P "!@#@�#CP 3.2     
�>O2 �%A ?&�อ��@## %อ�#CPออ�O&& O/"N#ค%Bค#@�G�BO&&O%/�@� L9 

 

�@1@�!CP 3.1 %A ?&Q%�@## %อ��DQ%#G'#CPออ�O&& O/"N#ค%Bค Taguchi Orthogonal L9 

No. คว@/N1Oว1อ$ใ#�@1ห/F# (rpm.) คว@/ลD�ใ#�@1�� (mm.) 

1 0 0.3 

2 0 0.5 

3 0 0.7 

4 500 0.3 

5 500 0.5 

6 500 0.7 

7 1000 0.3 

8 1000 0.5 

9 1000 0.7 

  

ห%?��@��@## %อ�!@!%A ?&Q%!@#@�#CP 3.2   �>%A(%�@��@## %อ�R'/BNค#@>ห์ค/@!N#C"&
(B/O%>ค/@!NคO%!�คO@��อ��BQ%�@% O/" /B$C�@#!อ&2%อ��อ�คN@ Signal-to-Noise Ratio (S/N Ratio) 

N'็%�#>&/%�@#/BNค#@>ห์(%�#>#&�อ�!?/O'#Q%�@## %อ� O/"อ?!#@2N/%2?��@%#&�/% S/N Ratio 

P "(GO/B�?"%A!@Q�ON�EPอ/BNค#@>ห์ห@(%�#>#&�อ� 2 !?/O'# �DP�R OO�N ค/@!N#O/#อ&Q%�@#ห!F%ห?/�  
O%>ค/@!%D��อ�ห?/� /N@2N�(%!Nอค/@!N#C"&(B/O%>ค/@!NคO%!�คO@�Q%�BQ%�@%#CP(N@%�@## %อ�       
 O/"�#>&/%�@#�DQ%#G'!NอN%EPอ�O&& 2 �F    
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 3.2.3 �@1ออ�O$$1G%!1�Oล>�?วO%1%1?$�?Q�ใ#�@1�DQ#1G%  

 Q%�@## %อ��>Q�O�@#�D Q%#G'#G'##��#/"!? !C�%@  Q%�@## %อ��>!C�@#�Aห% 
N2O%#@��@#N B%�อ�ห?/� �DQ%#G' P "N#BP!�@��@#ออ�O&&P!N % 3 !B!B �@#�Aห% !?/O'##CPQ�OQ%�@#
# %อ�R OO�N !F!#CPQ�OQ%�@#�DQ%#G' (Angle forming) ค/@!N#O/Q%�@#ห!F%�อ�ห?/� #CPQ�OQ%�@#�DQ%#G' 
(Rotation Speed) ค/@!N#O/�อ�ห?/� #CPNค%EPอ%Q%�@#�D Q%#G' (Traverse Speed) O%>#G'O&&�อ�
N2O%#@��@#N B%O&& Helical tool path Q%�?Q%!อ%%CQQ�OP'#O�#!คอ!�B/N!อ#์�N/"Q%�@#ออ�O&&   
O%>�@#(%B! SOLID CAM 2016 Q%�@#2#O@�N2O%#@��@#N B%�อ�ห?/� O%>�@#'#?&!? Q�!?/O'#          
Q%�@#�DQ%#G' 

 

 

 

Process parameter 

Width(mm.) 1 

Diameter (mm.) 100 

angle (degree) 25 

step down 0.3,0.5,0.7 

Feed (mm./min.) 1000 

Speed (rpm./min.) 0,500,1000 

 

1G%!CP 3.5 O2 ��%@  !F!O%>!?/O'#!N@�N#CPQ�OQ%�@#�DQ%#G' 

 

Q%�@## %อ��>!C�@#�Aห% !?/O'#Q%�@## %อ�O%>#A�@#�DQ%#G'!@!�Oอ!G%Q%!@#@�#CP 3.1 

�@1@�!CP 3.2 O2 �!?/O'##CPQ�OQ%�@#�DQ%#G'!NอN%EPอ�O&& 2 �F  

ค/@!N#O/#อ&�อ�ห?/
� #อ&!Nอ%@#C 

#>">%D�Q%�@#�DQ%#G' step down 

0.3!B%%BN!!# 0.5!B%%BN!!# 0.7!B%%BN!!# 

0 / / / 
500 / / / 
1000 / / / 
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3.3 �@1วBNค1@>ห์�@1@�ว��ล/ (Grid circle analysis) 

 �#>&/%�@#/BNค#@>ห์!@#@��#B /��%! N'็%�#>&/%�@#0D�1@�@#N'%CP"%#G'�อ�/?2 F      
P "2?�N�!�@��@##CP!@#@�/��%!N'%CP"%R' P "�Nอ%�>N#BP!# %อ�#A�@#�DQ%#G' �>#A�@#�? (B//?2 F
&#BN/�#CP�>�DQ%#G'N'็%!@#@�/��%! O/"'�B�#B"@R��้@Nค!C(N@%2@#%>%@"อBN%O�P##R%!์ ?�#G'#CP 3.6      
(B//?2 F#CP�>"G��? อ"N@�#/ N#O/ �>N�B N'็%!@#@�/��%!!@!(B/�อ�O(N%�BQ%�@% !@! O/"#A�@#/? �%@ 
�อ�/��%! O%>O'#(%N'็%ค/@!Nค#C" #CPN�B �DQ%&%(B/�BQ%�@%  O/"#$1�C2? 2N/%�@#N'%CP"%#G'�อ�
/��%! 

 

 

 

1G%!CP 3.6 �@#�? (B//?2 FN'็%!@#@�/��%! O/"2@#%>%@"อBN%O�P##R%!์ 

  

 �@#2#O@�!@#@�/��%!�>�Aห% QหO/��%!!C�%@  1.5 !B%%BN!!# O%>#>">หN@��อ�/��%! 
3 !B%%BN!!# P "Q�O2@#%>%@"N%O�P##R%!์#N/!�?&�@#�N@"R��้@�#>O2!#�Q%�@#N#N��@#�? (B/�BQ%�@% 
P "%AO(N%#อ��BQ%�@%!@#อ��BQ%�@%&%P!P>'�B&?!B�@#O%O/N�EPอ!�?Q/OอP% N�O@�?&O(N%P%ห>#CP#อ��BQ%�@%
 O@%%N@� �@�%?Q%N�EPอ!�?Q/OคP# N�O@�?&O#N��? �#@R�!์P "!C�อ�%QAQ%�@#�?&2@#%>%@"N%O�P##R%!์ 
O%O/%ํ@O(N%อ%G!BN%C"!#CPQ�ON'็%�BQ%# 2อ&�>!Oอ�(N@%�@#O!N�ค#C&O%>�อ& �#Oอ!�?&%O@�ค#@&!?%       
QหO2>อ@  O%O/N�O QหOOหO� #>/?�อ"N@QหO!CN01P%ห>ห#Eอ/?2 FQ N/N@�&%O(N%P%ห> %ํ@O(N%%อ�%@"�# 
/��%! (Stencils ) /@�&%�BQ%�@%P "�? QหONห!@>2!�?&�BQ%�@%%AO#N��? �#@R�!์!@N!B!2@#%>%@"N%O�
P##R%!์QหO�อ C O%O/#A�@#N'ิ 2/B#�์Nค#EPอ��N@"R��้@ '#?&O#� ?%R��้@QหONห!@>2! O%O/%AO#N��?    
�#@R�!์!@"G&%�BQ%�@%Q%&#BN/�#CP!Oอ��@#2#O@�!@#@�/��%! P "Nค%EPอ%#CPO#N��? �#@R�!์R'อ"N@��O@N 
O%>2?�N�!�BQ%�@%�>!C#G'/��%!คNอ"N�? �DQ% ห%?��@�N2#O�O%O/QหO%ํ@O(N%�BQ%�@%!@%O@� O/"%QA"@%O@�#A
ค/@!2>อ@ O%>N�O QหOOหO� N�EPอ#อ�@#�DQ%#G'!NอR' 
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3.4 วB"C�@1�DQ#1G% 

 �@## %อ��>�DQ%#G'P "Q�O Nค#EPอ��?  CNC O%/!?Q�O&& 3 O�%P "!C�@#!B !?Q�อF'�#�์�?&"D 
O(N%P%ห>O%>�@#�Aห% !AOห%N��อ�O(N%P%ห> O%O/!#/�2อ&ค/@!�#Oอ!�อ�อF'�#�์ O%O/N#BP!�@#
�DQ%#G'!@!!?/O'##CPออ�O&&R/O#F��?Q%!อ% �%N2#O� O%>"อ �BQ%�@%ออ�อ"N@�#>!? #>/?� �@�%?Q%#A�@#
/? ค/@!ห"@&(B/ ค/@!NคO%!�คO@� 

(�)                                                        (�) 
1G%!CP 3.7 (�) �@#!B !?Q��BQ%�@%�Nอ%�@#�DQ%#G' (�) อF'�#�์�?&"D O(N%�BQ%�@% 

 

 %A�BQ%�@%#CPR Oห%?��@#�DQ%#G'%A!@!? N�EPอ%AR'/? ค/@!ห"@&(B/ ค/@!NคO%O%>ค/@!NคO%
!�คO@�ห%?��@#�DQ%#G' 

(�)                                               (�) 
  

1G%!CP 3.8 (�) �BQ%�@%#CPR Oห%?��@#�DQ%#G' (b) �BQ%�@%#CP(N@%�@#!? N�EPอ%AR'/? ค/@!ห"@&(B/ 

  

 %A�BQ%�@%#CPR Oห%?��@#�DQ%#G'%A!@!? O%O/#Aค/@!2>อ@ QหON#C"&#Oอ"N�EPอ%AR'/? ค/@!
ห"@&(B/ ค/@!NคO%O%>ค/@!NคO%!�คO@�ห%?��@#�DQ%#G' 
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3.5 �@1ว?�คว@/ห0@$&Bว 

 Q%�@#/? ค/@!ห"@&(B/ Q�ONค#EPอ�/? ค/@!ห"@&(B/O&&���@"CหOอ MITUTOYO #FN% SJ-410 
#A�@#/?  3 �F  &#BN/�!AOห%N�N C"/�?%�อ�#F��BQ%# 2อ& &% �%@� %N@��อ��BQ%�@% P "!C#>">Q%�@#
/? #CP 2.5 !B%%BN!!#P "!C�ั��?%Q%�@#/? N'็%O&& Ra  !Cห%N/"/? N'็%R!Pค#N!!# (µm) 

 

      (�)                                    (�) 
1G%!CP 3.9 (�) Nค#EPอ�/? ค/@!ห"@&(B/ MITUTOYO #FN% SJ-410  
              (�) #G'!AOห%Nอ��อ��@#/? ค/@!ห"@& 

 

3.6 �@1ว?�คว@/Nค้#��ค้@��้ว0Nค1EPอ� XRD 

 X-ray diffraction (XRD) N'็%N#ค%Bค#C PQ�OQ%�@#!#/�2อ&ห#Eอ/BNค#@>ห์Pค#�2#O@�(%D�     
�อ�/?2 F  O/"�@#N%C Q"/N&%�อ�#?�2CNอ��์ N!E Pอ#?�2CNอ��์#A2?!(?2�?&(%D� �>QหO�Oอ!G%P "N'็%คN@         
�@#�? N#C"�!?/�อ�อ>!อ! @"Q%/?2 F O%>2@!@#"&N�&อ��Oอ&��#Nอ�ห#Eอ2N/%'#>�อ&#@�Nค!C          
#CPN�Eอ'%Q%/?2 FQ%�@#/BNค#@>ห์Pค#�2#O@�(%D��อ�/?2 F#CP#A�@#�DQ%#G' �>#A�@#!? �BQ%�@%�Nอ%O%>ห%?�
�@#�DQ%#G'P "QหO!C�%@  10x10 !B%%BN!!# N�EPอR'!#/�2อ&O%>/BNค#@>ห์Pค#�2#O@�(%D� &#BN/�#CP!? R'           
N�EPอ#A�@#/BNค#@>ห์�>O2 �Q%#G'#CP 3.9 

 

1G%!CP 3.10 &#BN/�#CP#A�@#!? �BQ%�@%N�EPอ%AR'0D�1@Pค#�2#O@�N�2O%>Pค#�2#O@��F% @ค 
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3.7 �@1วBNค1@>ห์ Signal-to-Noise Ratio (S/N Ratio) 

 N'็%�#>&/%�@##@�2"B! B#C P( G O/ B� ?"%A!@Q�ON�E Pอ/ BNค#@>ห์�@#!อ&2%อ�ค/@!!Oอ��@#            
 O/"2?��@�#&�/% S/N Ratio N�EPอ'#>N!B%(%�#>#&�อ�!?/O'#�@## %อ�#CP2N�(%!Nอค/@!N#C"&(B/ 
O%>ค/@!NคO%!�คO@� �อ��BQ%�@%ห%?��@#�DQ%#G' P "�>Q�Oห%?��@# Smaller-the-Better (S/N Ratio) 

�DP�คA%/�คN@ค/@!O'#'#/%ห#Eอค/@!N&CP"�N&%�อ�คN@!?/O'#  N�#@>!Oอ��@#คN@!?/O'#!อ&2%อ�      
#CP%Oอ"%� P "คA%/�N'็%คN@N�%CP"�A%?�2อ�2N/%N&CP"�N&% (MSD) �อ�!?/O'#!อ&2%อ� P "�>O2 �
N'็%ห%N/"N �BN&% (dB) 2Aห#?&2G!#2Aห#?&อ?!#@2N/% S/N คA%/�R O!@!2!�@##CP (12) 

 

S/N Ratio = -10 x log10 (MSD)                                          (12) 
 

*ห!@"Nห!F 
- N!EPอ S/N Ratio คEอคN@ Signal-to-Noise Ratio Q%#G'O&& Smaller-the-Better 

- MSD คEอคN@ คN@N�%CP"�อ�ค/@!O!�!N@�Q%#G'O&&�A%?�2อ��อ�!?/O'#!อ&2%อ� 
  

 N!EPอ MSD คEอคN@ Mean Squared Deviation #CPคA%/��@�(%�อ�ค/@!N#C"&(B//?2 F O%>
ค/@!NคO%!�คO@�P "QหOคN@ MSD N'็%(%#/!�อ�ค/@!O!�!N@�#>ห/N@�คN@!?/O'#!?/อ"N@�O!N%>คN@�?&
คN@!?/O'##CP!Oอ��@# �@�%?Q%%AR'"��A%?�2อ�O%>ห@# O/"�A%/%!?/อ"N@�#?Q�ห!  N�EPอQหOR OคN@ค/@!
O'#'#/%N�%CP" "O@คN@ MSD %Oอ"#CP2F  �>&N�&อ�R O/N@คN@ S/N Ratio 2G�#CP2F  O2 �QหONหO%"D�ค/@!
O!N%"AO%>คF� @�#CP C�อ�(%%?�$์#CP!Oอ��@# N!EPอคA%/�คN@ MSD O%O/�>2@!@#"%A!@คA%/� S/N 

Ratio !@!2!�@# O@%&%N�EPอ'#>N!B%'#>2B#$B @��อ�!?/O'#!อ&2%อ�!NอคN@ค/@!N#C"&(B/ O%>ค/@!
NคO%!�คO@� 
 

3.8 #?0.Aค?ญ�อ�%ั��?0!@�. B�B (Analysis of Variance: ANOVA) 

 �@#'#>N!B%(%�#>#&!Nอค/@!N#C"&(B//?2 F O%>ค/@!NคO%!�คO@� Q%N�B�2"B!B�อ� Taguchi �>
Q� O ค N @  Signal-to-Noise Ratio (S/N Ratio) O%> Analysis of Variance (ANOVA) N� E P อ'#> N!B %
ค/@!2Aค?��อ�!?/O'#!N@� N P "Q�O�Oอ!G%#CPR O�@��@## %อ�#CPR O#A�@#�DQ%#G'อ%G!BN%C"!O(N% O/"
�#>&/%�@#�DQ%#G'!NอN%EPอ�O&& 2 �F   �@�%?Q%คA%/�O%>/BNค#@>ห์คN@ คN@ S/N Ratio 2Aห#?&O!N%>!?/
O'#!@!#G'O&& Smaller-the-Better P "คA%/�คN@ S/N Ratio 2Aห#?&O!N%>!?/O'# P "Q�O2!�@##CP
O2 �Q%ห?/�Oอ�Nอ%ห%O@O%>/BNค#@>ห์คN@ S/N Ratio  O/" ANOVA N�EPอ�AO%�(%�#>#&�อ�!?/O'#!N@� 
N O%O/#A�@#/BNค#@>ห์/N@!?/O'#Rห%!C(%�#>#&#CP2Aค?�!Nอค/@!N#C"&(B/ O%>ค/@!NคO%!�คO@�Q%/?2 F 
�@�(%%?�$์�อ�/BNค#@>ห์ ANOVA �>2@!@#"คA%/�คN@%?"ค/@!2Aค?��อ�!?/O'#O!N%>!?/R O P "Q�O
2?��@� P-value �อ�!?/O'#%?Q% N Q%�@#/BNค#@>ห์%?"ค/@!2Aค?��>&N�&อ�"D�#> ?&�อ�(%�#>#&#CP
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2Aค?��อ�!?/O'#!Nอค/@!N#C"&(B//?2 F O%>ค/@!NคO%!�คO@� P "คN@%?"ค/@!2Aค?�#CP!CคN@2G��/N@�>
O2 �"D�!?/O'##CP!C(%�#>#&2Aค?�!@��DQ%N�EPอQ%�@#'#?&'#F��#>&/%�@#�DQ%#G' 
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 ทท?N 4 

"ล�@1ท�ลอ�Oล>อ.>!1@0"ล�@1ว>�?0 

  

 �@#0D�1@/B�?"%CQ#A�@#0D�1@�#>&/%�@#�DQ%#G'อ%G!BN%C"!(2! 5052  O/"�#>&/%�@#�DQ%#G'
O&&!NอN%EPอ� O/"�@#2?!(?2O&&2อ��F  Q%�@## %อ�#A�@#N'#C"&N#C"&!?/O'#Q%�@#�DQ%#G' R OO�N 
ค/@!N#O/#อ&Q%�@#�DQ%#G'#CP 0-1000 rpm ค/@!N#O/N B% O%>#>">Q%�@#� %D�#CP 0.3-0.7 !B%%BN!!# 
ห%?��@�%?Q%#A�@#!#/�2อ&ค/@!Nค#C" &%(B/�BQ%�@% ค/@!ห"@&(B/ !%อ �%!#/�2อ&2?�ฐ@%/B#"@
�อ�อ%G!BN%C"! O/"N#ค%Bค�@#N%C Q"/N&%#?�2CNอO��์ (X-Ray Diffraction) P "�@#/? คN@�@� Peak            
#CPN�B �DQ%Q%�BQ%�@%ห%?��@#�DQ%#G'#?Q�ห!  �@�%?Q%%AคN@�@�(%�@��@#คA%/�!@2#O@�2!�@#N2O%!#�
N�EPอห@ค/@!NคO%!�คO@� #CPN�B �DQ%ห%?��@#�DQ%#G' �DP�(%�@# AN%B%�@#/B�?"!C(%�@## %อ� ?�%CQ 
 

4.1 คว@/Nค1?0��อ�ช>O��@�หล?��@1�@O�1ู! 

 Q%ห?/�Oอ%CQ�>�%N@/"D�N'อ#์N�O%!์�อ�ค/@!Nค#C" ห%?� (% Major Strain) O%>ค/@!Nค#C" #อ� 
(% Minor Strain) ห%?��@#�DQ%#G'�อ��BQ%�@%#G'"O/"#CP(N@%�@#�DQ%#G'O&&!NอN%EPอ� O/"�@#2?!(?22อ��F  

#G'#CP 4.1 O2 �คN@N'อ#์N�O%!์ค/@!Nค#C" ห%?�O%>ค/@!Nค#C" #อ��อ��BQ%�@%ห%?��@#�DQ%#G'#CPค/@!N#O/
#อ&Q%�@#�DQ%#G' 0 rpm  �&/N@N!EPอ#>">Q%�@#� %D��อ�Nค#EPอ�!EอN�BP!�DQ%2N�(%%?�1�>�$!B�##!
ค/@!Nค#C" !Cค/@!O!�!N@��?%  ?�O2 �Q%#G'#CP 4.1(�) #CPค/@!%D�Q%�@#� �DQ%#G'#CP 0.3 !B%%BN!!#     
�@#N'%C P"%O'%��$!B�##!�อ�/?2 FP "#/!N'็%�$!B�##!O&&%? �1�>�@#"E Q%O%/&C&อ?             
!@!O%/O�% (Uniaxial compression) #/!�?&�$!B�##!O&&N�Eอ% (Pure shear) O%>N!EPอN�BP!#>">
� %D�N'็% 0.5 !B%%BN!!# �$!B�##!�อ�/?2 F!C�$!B�##!O&&"E Q%O%/O�%ห%?�O%>R'Q%#B0#@��อ�
�@#"E O%/O�%N C"/ (Plan Strain)  ?�O2 �Q%#G'#CP 4.1(�) �@�%?Q%N�BP!#>">Q%�@#� %D�Q%�@#�DQ%#G'
N'็% 0.7 !B%%BN!!# �%?&�&/N@�$!B�##!�อ��BQ%�@%ห%?��@#�DQ%#G'N'%CP"%N'็%#G'O&&�@#"E Q%O%/O�%
ห%?� (Plan Strain) O%>คNอ%�O@�N'็%#G'O&&�อ��@#"E ออ�2อ�O�% (Biaxial tension) N%O�%Oอ"     
O2 � ?�#G'#CP 4.1(ค)  
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(�)  (�)  

 

(ค)  
 

1ู!ท?N 4.1 O2 �คN@N'อ#์N�O%!์ค/@!Nค#C" ห%?�O%>ค/@!Nค#C" #อ��อ��BQ%�@%#CPค/@!N#O/#อ&              
Q%�@#�DQ%#G' 0 rpm  (�) Depth 0.3 mm (�) Depth 0.5 mm O%> (ค) Depth 0.7 mm 

 

�@�(%�อ�#>">� %D�Q%#G'#CP 4.1 �@�%?Q%%A!@N'#C"&N#C"&(%�@## %อ� ?�O2 �Q%#G'      
#CP 4.2 �&/N@#CP#>">� %D�N�B �@#N'%CP"%O'%��$!B�##!�อ�/?2 FO!�!N@��?% ?�R Oอ$B&@"Q%ห?/�Oอ         
#CP(N@%!@ N%EPอ��@�#>">Q%�@#� %D�อ@�2N�(%!Nอ�@#Rห%�อ�N%EQอP%ห>�%N@/คEอ N!EPอ#CP#>">ค/@!%D�     
Q%�@#� �DQ%#G'!PA#AQหO�@#Rห%Q%#>%@&O�%#อ� (ε2) R O C�/N@O�%ห%?� (ε1) N�#@>N!EPอ#>">� �DQ%
#G'!PA�@#2?!(?2#>ห/N@�Nค#EPอ�!Eอ� �DQ%#G'�?&�BQ%�@%Q%#B0#@�O�% X,Y 2G��/N@�@#2?!(?2Q%O%/O�% Z 

2N�(%QหONค#EPอ�!EอQ%�@#�DQ%#G'!C�@#Nค%EPอ%#CP�D�#AQหON%EQอ/?2 FN�B �@#Rห%!?/R' O@%�O@�!@��/N@2N�(%QหO
�BQ%�@%N�B �@#N'%CP"%O'%��$!B�##!P "#/!N'็%O&&�@#"E Q%O%/&C&อ? !@!O%/O�% (Uniaxial 

compression) O!NN!E PอN�B P!#>">�@#� %D�Q%�@#�D Q%#G'�&/N@O%/P%O!�อ��$!B�##!�อ�/?2 F             
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N#BP!!C%?��@#N'%CP"%O'%��@��@#"E Q%O%/&C&อ? !@!O%/O�%N'็%�@#"E O%/O�%N C"/ (Plan Strain) 
O%>N!EPอค/@!%D�Q%�@#� N�BP!2G��DQ%O%/P%O!�อ��$!B�##!�อ�/?2 F!?�N'%CP"%N'็%�@#"E Q%O%/O�%
ห%?� (Plan Strain) #/!�?&#G'O&&�อ��@#"E ออ�2อ�O�% (Biaxial tension)  O/"Nห!F(%Q%#@�
!#��?%�O@!�?&#>">Q%�@#� �อ�Nค#EPอ�!EอQ%�@#�DQ%#G'!PA 

 

 

 

1ู!ท?N 4.2 O2 ��@#N'#C"&N#C"&คN@N'อ#์N�O%!์ค/@!Nค#C" ห%?�O%>ค/@!Nค#C" #อ��อ��BQ%�@%ห%?��@#
�DQ%#G'#CPค/@!N#O/#อ&Q%�@#�DQ%#G' 0 rpm   
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(�)  (�)  

 

(ค)  
 

1ู!ท?N 4.3 O2 �คN@N'อ#์N�O%!์ค/@!Nค#C" ห%?�O%>ค/@!Nค#C" #อ��อ��BQ%�@%#CPค/@!N#O/#อ&Q%�@#�DQ%
#G' 500 rpm  (�) Depth 0.3 mm (�) Depth 0.5 mm O%> (ค) Depth 0.7 mm 

 

#G'#CP 4.3 #A�@#N�BP!ค/@!N#O/#อ&Q%�@#�DQ%#G'N'็% 500 rpm O!N#>">Q%�@#� �DQ%#G'"?�ค�!C
คN@N#N@�?& 0.3-0.7 !B%%BN!!# �&/N@%?�1�>�$!B�##!�อ��BQ%�@%ห%?��@#�DQ%#G'!C%?�1�>ค%O@"�?&
ค/@!N#O/#อ&Q%�@#�DQ%#G'#CP 0 rpm O!N�&/N@�$!B�##!�อ��BQ%�@%#?Q�#> ?&#?Q�2@!ค/@!%D�2N/%Qห�N  
R!NN�B �@#N'%CP"%O'%��$!B�##!O&&�@#"E ออ�2อ�O�% (Biaxial tension) N!EPอN�BP!ค/@!N#O/#อ&   
Q%�@#�DQ%#G'2G��DQ% N�N% #CP#> ?&ค/@!%D�Q%�@#�DQ%#G' 0.3 !B%%BN!!# �@#N'%CP"%O'%��$!B�##!�อ�
/?2 FP "#/!N'็%�$!B�##!O&&%?�1�>�@#"E Q%O%/&C&อ? !@!O%/O�% (Uniaxial compression) 

#/!�?&�$!B�##!O&&N�Eอ% (Pure shear)  ?�#G'#CP 4.3(�) O%>N!EPอN�BP!#>">� %D�N'็% 0.5 !B%%BN!!# 
�$!B�##!�อ�/?2 F!C�$!B�##!O&&"E Q%O%/O�%ห%?�R'Q%#B0#@��อ��@#"E O%/O�%N C"/ (Plan 
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Strain) #/!�?&�@#"E Q%O%/&C&อ? !@!O%/O�%  ?�O2 �Q%#G'#CP 4.3(�) �@�%?Q%N�BP!#>">Q%�@#� %D�
Q%�@#�DQ%#G'N'็% 0.7 !B%%BN!!# �%?&�&/N@�$!B�##!�อ��BQ%�@%ห%?��@#�DQ%#G'N'%CP"%N'็%#G'O&&�@#
"E Q%O%/O�%ห%?� (Plan Strain)  ?�O2 �Q%#G'#CP 4.3(ค) 
 

 

 

1ู!ท?N 4.4 O2 ��@#N'#C"&N#C"&คN@N'อ#์N�O%!์ค/@!Nค#C" ห%?�O%>ค/@!Nค#C" #อ��อ��BQ%�@%ห%?��@#
�DQ%#G'#CPค/@!N#O/#อ&Q%�@#�DQ%#G' 500 rpm   

 

 N!EPอ#A�@#N'#C"&N#C"&#>">Q%�@#� �DQ%#G'#?Q�2@!ค/@!%D��&/N@#>">� %D�  ?�O2 �Q%    
#G'#CP 4.4 #CP#>">� %D�Q%�@#�DQ%#G' 0.7 !B%%BN!!# "?�!CO%/P%O!Q%�@#N'%CP"%O'%��$!B�##!O&&�@#
"E Q%O%/O�%N C"/O!NR!N!C�@#N�B �@#N'%C P"%O'%��$!B�##!�@#"E 2อ�O�%#/! O/"Nห!Eอ%             
#CPค/@!N#O/Q%�@#�DQ%#G'#CP 0 rpm O%>N!EPอ% #>">Q%�@#� %D�%�Nห%Eอ 0.5 !B%%BN!!# O%> 0.3 
!B%%BN!!# �$!B�##!ค/@!Nค#C" �อ��BQ%�@%�DQ%#G'"?�N'็%%?�1�>�@#"E O&&O�%N C"/O%>!CO%/P%O!
N'็%�@#"E Q%O%/&C&อ? !@!O%/O�% 2@Nห!Fอ@�N�B �@�ค/@!N#O/#อ&#CPN�BP!�DQ%อ@�2N�(%!Nอ�@#N2C" 
#@%#>ห/N@�Nค#EPอ�!Eอ�?&(B//?2 FQ%�@#�DQ%#G'�D�2N�(%!Nอ�@#�@ห#Eอ�@#Rห%!?/�อ�N%EQอ/?2 F% %� 
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(�)  (�)  

 

(ค)  
 

1ู!ท?N 4.5 O2 �คN@N'อ#์N�O%!์ค/@!Nค#C" ห%?�O%>ค/@!Nค#C" #อ��อ��BQ%�@%#CPค/@!N#O/#อ&Q%�@#�DQ%
#G' 1000 rpm  (�) Depth 0.3 mm (�) Depth 0.5 mm O%> (ค) Depth 0.7 mm 

 

 #G'#CP 4.6 #A�@#N'#C"&N#C"&#>">Q%�@#� �DQ%#G' 0.3-0.7 !B%%BN!!# #CPค/@!N#O/Q%�@#�DQ%#G' 
1000 rpm  �&/N@#>">Q%�@#� �DQ%#G'2N�(%!Nอ�$!B�##!ค/@!Nค#C" �อ��BQ%�@%ห%?��@#� �DQ%#G' 
�%N@/คEอ#CP#>">Q%�@#� �DQ%#G'!PA%?�1�>�$!B�##!�อ�/?2 F!C�@#N'%CP"%O'%� Q%2 @/>O&&N�Eอ%
อ"N@�N C"/ห#EอN�B �@#"E Q%O%/O�%#อ�N'็%ห%?� O!NN!EPอN�BP!#>">Q%�@#� �DQ%#G'N�BP!�DQ%�$!B�##!
�อ��@#N'%CP"%N'็%%?�1�>�@#"E Q%O%/O�%ห%?�O%>!CO%/P%O!�อ��@#"E ออ�#?Q�2อ�O�%  ?�#G'     
#C P 4.6 �>2?�N�!NหO%/N@N!E Pอ#>">Q%�@#� �D Q%#G'N�B P!�D Q%�@� 0.3 N'็% 0.5 O%> 0.7 !B%%B N!!#           
�@#N'%CP"%�$!B�##!�อ�ค/@!Nค#C" �>N'็%R'!@!%?�1�>#CP�%N@/R/O 
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1ู!ท?N 4.6 O2 ��@#N'#C"&N#C"&คN@N'อ#์N�O%!์ค/@!Nค#C" ห%?�O%>ค/@!Nค#C" #อ��อ��BQ%�@%ห%?��@#
�DQ%#G'#CPค/@!N#O/#อ&Q%�@#�DQ%#G' 1000 rpm   
 

4.2 คว@/ห0@ ">ว�อ�ช>O��@�หล?��@1�@O�1ู! 

 Q%ห?/�Oอ%CQ�>�%N@/"D�ค/@!ห"@&(B/O%>�%@ #G'#N@��อ��BQ%�@%ห%?��@#�DQ%#G'O&&!NอN%EPอ�
 O/"�@#2?!(?2O&&2อ��F  �#>&/%�@#O%>/B$C�@#/? O2 �Q%&##CP 3 #G'#CP 3.9 O2 �คN@ค/@!ห"@&(B/
�อ��BQ%�@%ห%?��@#�DQ%#G'#CPค/@!N#O/#อ&Q%�@#�DQ%#G' 0-1000 rpm #>">�@#� %D� 0.3-0.7 !B%%BN!!# 
�@��@#!#/�2อ&�&/N@'ั��?"Q%�@#�DQ%#G'2N�(!!NอคN@ค/@!ห"@&(B/�อ��BQ%�@% คEอ #CPค/@!N#O/#อ&Q%
�@#�DQ%#G' 0 rpm #>">Q%�@#� �DQ%#G' 0.3 !B%%BN!!# คN@ค/@!ห"@&(B/�อ��BQ%�@%!PA2F N�%CP" 0.46 
R!Pค#N!!# O%>N!EPอN�BP!#>">Q%�@#� �DQ%#G'2G��DQ%O%/P%O!�อ�คN@ค/@!ห"@&(B/!CคN@N�BP!2G��DQ%N'็% 
0.76 O%> 0.81 R!Pค#N!!# !@!%A ?& �@�%?Q%#A�@#N�BP!ค/@!N#O/#อ&Q%�@#� �DQ%#G'2G��DQ%N'็% 500 
rpm %?�1�>�อ�ค/@!ห"@&(B/ค%O@"�?&ค/@!N#O/#อ&Q%�@#�DQ%#G' 0 rpm O!NคN@ค/@!ห"@&(B/!CคN@
N�BP!2G��DQ%N'็% 0.76, 1.07 O%> 1.28 R!Pค#N!!# #CP#>">Q%�@#� %D� 0.3 , 0.5 O%> 0.7 !B%%BN!!# 
2F #O@"คEอค/@!N#O/#อ& 1000 rpm �&/N@2N�(%!NอคN@ค/@!ห"@&(B/2G�2F �อ�#F�#>">Q%�@#� �DQ%#G' 

�DP�2อ ค%Oอ��?&#@"�@%�@#/B�?"�อ� Dabwan A et al. [1] �DP�#@"�@%/N@#>">Q%�@#� �DQ%#G'2N�(%!Nอ
คN@ค/@!ห"@&(B/�อ��BQ%�@%ห%?��@#�DQ%#G' 
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1ู!ท?N 4.7 ค/@!ห"@&(B/�อ��BQ%�@%ห%?��@#�DQ%#G'#CPค/@!N#O/#อ&Q%�@#�DQ%#G' 0-1000 rpm  

#>">�@#� %D� 0.3-0.7 !B%%BN!!# 
 

4.3 X-Ray Diffraction technical 

�@#0D�1@ค/@!NคO%!�คO@�#> ?&�F% @ค�อ�อ%G!BN%C"!(2! Al5052 Q%�@## %อ��@#�DQ%#G'
O&&!NอN%EPอ�2?!(?2O&&2อ��F Q�Oห%?��@#/BNค#@>ห์ O/"N#ค%Bค X-Ray Diffraction P "/? คN@�@� Peak 

#CPN�B �DQ%Q%�BQ%�@% P "�@#คA%/�!@!2!�@##CP (6) �@�%?Q%%A(%�@#คA%/�O%O/!@2#O@�2!�@#
N2O%!#�N�EPอห@คN@ค/@!�?% (Slope) 2Aห#?&�@#'#>N!B%ค/@!Nค#C"  O%>ค/@!NคO%!�คO@��อ��BQ%�@%
ห%?��@#�DQ%#G' #G'#CP 16(�) O2 � XRD patterns �อ��BQ%�@%อ%G!BN%C"!(2! Al5052 #CP"?�R!N(N@%�@#   
�DQ%#G' �@�%?Q%#A�@#/?  Peak N�EPอห@คN@ FWHM !@!#$1�C�@#/BNค#@>ห์�อ� Williamson and Hall 

method (%�@#คA%/�O2 � ?�!@#@�#C P 4.1 �@�%? Q%#A�@#2#O@��#@�N�E Pอห@ค/@!�?%O2 � ?�       
 @�#CP 16(�-�) O%O/%AคN@ m !@คA%/�ห@ค/@!NคO%!�คO@� !@!2!�@##CP (7) �&/N@ค/@!NคO%!�คO@�
�อ�อ%G!BN%C"!(2! Al5052 #CP"?�R!N(N@%�@#�DQ%#G'O2 �!CคN@N#N@�?& 15.857 MPa O%>�@#/? คN@ค/@!
NคO%!�คO@��อ��BQ%�@%�O#A�@#'#>N!B%Q%%?�1�>N C"/�?%�?&�BQ%�@%#CP"?�R!N(N@%�@#�DQ%#G'    
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(�) (�) 

  

(ค) (�) 
 

1ู!ท?N 4.8 shows the XRD analysis (�) XRD patterns of Al5052 before forming. (�) 0 rpm, 

(ค) 500 rpm, and (�) 1000 rpm of Spindle speed 

 

�@1@�ท?N 4.1 (%�@#/BNค#@>ห์คN@ค/@!Nค#C" �F% @ค�อ�อ%G!BN%C"!#CP"?�R!N(N@%�@#�DQ%#G' 

(h k l) 
2θ 

(degree) 

θ 

(radians) 

FWHM (βT) in 

degree 

FWHM (radians) 

 (x10
-3
) 

βT cos 

θ  

(x10
-3
) 

4 sin θ 

111 38.29 0.33 0.18 3.22 3.05 1.31 

200 44.53 0.39 0.19 3.34 3.09 1.52 

220 64.84 0.57 0.22 3.94 3.32 2.14 

311 77.89 0.68 0.13 2.26 1.75 2.51 
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XRD patterns of Al5052 ห%?��@#�DQ%#G'#CPค/@!N#O/#อ&Q%�@#�DQ%#G' 0-1000 rpm O%>  
Increment step 0.3-0.7 mm. /B$C�@#0D�1@R Oอ$B&@"Q%ห?/�Oอ#C P(N@%!@ �@��@#N'#C"&N#C"&�>
อ$B&@"N#C"&�?&อ%G!BN%C"!#CP"?�R!N(N@%�@#�DQ%#G' ?�O2 �Q% @�#CP 4.8(�) XRD patterns �&/N@ค/@!
N�O!�O%�อ�#>%@&(%D� (200) 2G� O!NN!EPอ#A�@#�DQ%#G'�%?&�&/N@ค/@!N'็%#>%@&(%D��อ�อ%G!BN%C"!N�B 
�@#N'%CP"%O'%��@�#>%@& (200) N'็%#>%@&(%D� (220)  @�#CP 4.8(�-�) !C%?�1�>ค%O@"�?% คEอ       
ห%?��@#�DQ%#G'ค/@!N'็%#>%@&(%D��อ�อ%G!BN%C"!N�B �@#N'%CP"%O'%��@�#>%@& (200) N'็%#>%@&
(%D� (220) O!Nค/@!N�O!�อ� peak !CคN@O!�!N@��?% �@�%?Q%#A�@#/?  Peak N�EPอห@คN@ FWHM 2Aห#?&
'#>N!B%ห@ค/@!Nค#C" �อ��BQ%�@%�Nอ%2#O@��#@�N�EPอห@ค/@!�?%O%O/#A�@#คA%/�ห@ค/@!NคO%
!�คO@� ?�O2 �Q%#G'#CP 4.9(�-�) O2 �!?/อ"N@��#@�ค/@!�?%�อ��BQ%�@%#CP(N@%�@#�DQ%#G' 

 

  

(�) (�) 

 

1ู!ท?N 4.9 Shows the Plot of βTcosθ  versus 4sin θ (�) Al5052 before forming (�) 0 rpm 

and 0.3 mm of Increment step  

 �@#�DQ%#G'O&&!NอN%EPอ�N'็%/B$C#CP#AQหOP%ห>N2C"#G'O&&"@/#P "!Cห?/� %�&%�BQ%�@%O%>N�B 
ค/@!NคO%!�คO@�O&&O#� D�O%>�>คNอ"NN'%CP"%N'็%O&&O#�อ?  Isaac Jiménez[30] Q%�@#/B�?"%CQ    
N'็%�@#/B�?"!?/O'##CP2N�(%!Nอค/@!NคO%!�คO@�(%�&/N@#CPค/@!N#O/#อ&�อ�ห?/� #CP 0 #อ&!Nอ%@#C      
�?&ค/@!%D�Q%�@#�DQ%#G'#CP 0.3 !!.QหOคN@ค/@!NคO%!�คO@�%Oอ"#CP2F คEอ 21.14 Mpa N!EPอN�BP!ค/@!%D�   
Q%�@#�DQ%#G'�>2N�(%QหON�B ค/@!NคO%!�คO@�N�BP!�DQ%!@!O%>N!EPอN�BP!ค/@!N#O/#อ& 500O%> 1,000 
RPM �?&ค/@!%D�Q%�@#�DQ%#G'#CP0.5 O%> 0.7 !!. �>2N�(%QหOค/@!NคO%!�คO@�N�BP!�DQ%!@!%A ?&O2 �  
Q%#G'#CP 4.10 ค/@!2?!�?%$์#>ห/N@�ค/@!NคO%!�คO@��?&#>">%D�O%>ค/@!N#O/Q%�@#ห!F%�อ�ห?/�      
Q%�@#�DQ%#G'�DP�2อ ค%อ��?&�@%/B�?"�อ� Fabian Maaß [14] 

y = 0.0003x + 0.0026

R² = 0.9922
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1ู!ท?N 4.10 Shows the Plot of Residual stress versus Step-down increment 

 

4.4 �@1ว>Nค1@>ห์!ั��?0ใ��1> ว��@1�@O�1ู! 

�@#/BNค#@>ห์'ั��?"  TPIF process Q�ON#ค%Bค#@�G�B�DP�N'็%N#ค%Bค2Aห#?&�@#ออ�O&&O%>#A
�@## %อ��%N'็%�#>&/%�@#คO%ห@(%%?�$์#C PN�B �D Q%#C PR O�@�'ั��?"Q%�@#%A!@#A�@## %อ� 
Nค#EPอ�!Eอ#CPQ�O2Aห#?&/B$C#@�G�B คEอ ออP$�อ%อ%อ>N#"์N'็%#>&&N!!#B��์�อ��A%/%�Oอ�Aห% Q%#> ?&
O"/O%>คอ%?!%์ /B$C�@##@�G�BคEอ�@#Q�Oอ?!#@2N/%2?��@�!NอN2C"�#&�/% �>ห@�A%/%�อ�!?/O'#      
#CP!Cอ"GN อ?!#@2N/%2?��@�!NอN2C"�#&�/% คEอคN@N�%CP"#CPQ�O/? �อ�(%�#>#&�อ�'ั��?"#&�/% (noise) 
!@!%?�1�>�อ�2!##"%>�อ�!?/O'# O%>�>#A�@#/? คN@#?Q�2อ� คEอ อ?!#@2N/%2?��@�!NอN2C"�
#&�/%�อ��A%/%!?/O'#Q%�Oอ!G%�อ�(%!อ&O%>N�EPอQหON�O@Q�%OคN@N�%CP"�อ�(%!อ&�อ�N'้@ห!@"      
#CP!Oอ��@#!@�#CP2F  �DP�อ?!#@2N/%2?��@�!NอN2C"�#&�/%N'็%�@#N�O@#/!�?%#>ห/N@�คN@N�%CP"O%>คN@
N&C P"�N&%!@!#ฐ@%�@#/? คN@�อ��Oอ!G%#CP%A!@/BNค#@>ห์อ?!#@2N/%2?��@�!NอN2C"�#&�/%2Aห#?&
�@#0D�1@%CQN%Eอ�N'้@ห!@"�อ��@## %อ�2Aห#?&2!�@#O&&N'้@ห!@"คN@%Oอ"2F  (The smaller-is-

better)  ?�O2 �Q%2!�@##CP (13) N%EPอ��@�(%%?�$์คEอคN@ค/@!ห"@&(B/ O%>ค/@!NคO%!�คO@�&%�BQ%�@%
ห%?��@#�DQ%#G'Q�OออP$�อ%อ%อ>N#"์ L-9 (32)  ?�%?Q%�D�#A�@## %อ�N#N@�?& 9 �@## %อ��DP��@#
�? %A ?&O&&ออP$�อ%อ%อ>N#"์#CPQ�OQ%�@#0D�1@'ั��?"Q%�@## %อ�O2 � ?�!@#@�#CP 4.2 
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�@1@�ท?N 4.2 Factors and parameters of the experiment 

Experimental factors 
Experimental level 

-1 0 1 

Rotation speeds :  (rpm) 0 500 1000 

Incremental depth :  (mm) 0.3 0.5 0.7 

 

4.4.1 Signal-to-Noise Ratio (S/N Ratio) 

 Signal-to-Noise Ratio (S/N Ratio) " G�%A!@/ B Nค#@>ห ์#> ?&' ั�� ?"�อ��#>&/%�@#            
P "#CPอ?!#@2N/% S/N !PA2F O2 �"D�คF� @��BQ%�@%ห%?��@#�DQ%#G' ("BP�%Oอ""BP� C)  ?�%?Q%'ั��?"#CPNห!@>2!
�อ��#>&/%�@# TPIF �D�!Oอ��@#!?/O'##CP!CคN@ S/N !PA2F  N%EPอ��@� residual stress O%> Surface 

roughness #CP!@�N�B%R'R!N2N�(% C!Nอ�BQ%�@%ห%?��@#�DQ%#G' 2!�@##CPQ�OQ%�@#คA%/�อ?!#@2N/% S/N 

O2 � ?�2!�@##CP (13) 

 (1) S/N Ratio for residual stress 

 2Aห#?&�@%/B�?"%CQ0D�1@�@#@!BN!อ#์Q%�#>&/%�@# TPIF !Nอ residual stress Q%�BQ%�@%ห%?�
�@#�DQ%#G' P "#G'O&&�@## %อ� (%�@## %อ� O%>คN@อ?!#@2N/% S/N �อ� residual stress O2 � ?�
!@#@�#CP 4.3 �&/N@�@## %อ�#CPQหO residual stress %Oอ"2F  คEอ �@## %อ�#CP 1(A1B1)  คEอ Rotation 

speed  Q%�@#�D Q%#G'#C P 0 rpm  O%> Incremental depth  #CP 0.3 !B%%BN!!# QหO Residual stress 

%Oอ"2F  คEอ 21.14 MPa  2N/% Residual stress 2G�2F �อ��@## %อ�อ"GN#CP�@## %อ�#CP 9 (A3B3) QหOคN@ 
Residual stress N# N @� ? &  74.00 MPa #CP  Rotation speed  Q%�@#� D Q % # G'# C P  1000  rpm  O%> 

Incremental depth #CP 0.7 !B%%BN!!# 2N/%%A ?&�@## %อ�อEP%�อ�O!N%>'ั��?"O2 � ?�!@#@�#CP 4.3  
 

�@1@�ท? N 4.3 Experimental layout: L9 orthogonal array, mean residual stress values, and 

S/N ratio values. 

Run 
Rotation speed 

(rpm): A 

Incremental depth 

(mm): B 

Residual 

stress (MPa) 
SN-Ratio 

1 0 0.3 21.14 -26.5021 

2 0 0.5 26.40 -28.4321 

3 0 0.7 47.00 -33.4420 

4 500 0.3 42.20 -32.5062 

5 500 0.5 58.10 -35.2835 

6 500 0.7 69.20 -37.9745 
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7 1000 0.3 63.40 -36.0418 

8 1000 0.5 68.70 -36.7391 

9 1000 0.7 74.00 -37.3846 

 

#G'#CP 4.11 �#@�O2 �(%�#>#&ห%?��อ�'ั��?"!NอคN@อ?!#@2N/% S/N �อ� residual stress (%
�@#/BNค#@>ห์ �&/N@ คN@อ?!#@2N/% S/N !PA2F �อ� Rotation speed  อ"GN#CP#> ?&#CP 1  คEอ 0 rpm O%> 
คN@อ?!#@2N/% S/N !PA2F �อ� Incremental depth  อ"GN#CP#> ?&#CP 1 คEอ 0.3 mm Q%#@�!#��?%�O@!คN@
อ?!#@2N/% S/N 2G�2F �อ� Rotation speed  อ"GN#CP#> ?&#CP 3 คEอ 1000 rpm O%> คN@อ?!#@2N/% S/N 

2G�2F �อ� Incremental depth  อ"GN#CP#> ?&#CP 3 คEอ 0.7 mm 

 

 

 

1ู!ท?N 4.11 Main effects plot for the S/N ratio for residual stress 

!@#@�#CP 4.4 O2 �คN@!อ&2%อ�คN@อ?!#@2N/% S/N !NอคN@ residual stress �อ�'ั��?"Q%O!N%>
#> ?& (%�@#/BNค#@>ห์�&/N@ คN@!อ&2%อ�คN@อ?!#@2N/% S/N �อ� Rotation speed  !CคN@!PA2F #CP#> ?&
#CP 1 คEอ -29.46 O%>คN@!อ&2%อ�คN@อ?!#@2N/% S/N �อ� Incremental depth  #> ?&#CP 1 !CคN@!PA2F  
คEอ -31.68 
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�@1@�ท?N 4.4 Response table for S/N ratios of residual stress 

Level Rotation speeds (rpm) Incremental depth (mm) 

1 -29.46 -31.68 

2 -34.86 -33.48 

3 -36.72 -35.88 

Delta 7.26 4.19 

Rank 1 2 

  

(2) S/N Ratio for Surface roughness 

 #G'O&&�@## %อ� (%�@## %อ� O%>คN@อ?!#@2N/% S/N �อ� Surface roughness O2 � ?�
!@#@�#CP 7 2N/%(%!อ&2%อ�คN@N�%CP" S/N �อ� Surface roughness O2 � ?�!@#@�#CP 6 !@!%A ?& 
�&/N@�@## %อ�#CPQหO Surface roughness !PA2F  คEอ �@## %อ�#CP 1(A1B1)  คEอ Rotation speed  

Q%�@#�DQ%#G'#CP 0 rpm  O%> Incremental depth  #CP 0.3 !B%%BN!!# QหO Surface roughness %Oอ"2F  
คEอ 0.46 µm  2N/% Surface roughness 2G�2F �อ��@## %อ�อ"G N#C P�@## %อ�#C P 6 (A2B3) QหOคN@ 

Residual stress N#N@�?& 2.45 µm  #CP Rotation speed Q%�@#�DQ%#G'#CP 500 rpm  O%> Incremental 

depth #CP 0.7 !B%%BN!!# 2N/%%A ?&�@## %อ�อEP%�อ�O!N%>'ั��?"O2 � ?�!@#@�#CP 4.5 

�@1@�ท?N 4.5 Experimental layouts: L9 orthogonal array, mean surface roughness values, 

and S/N ratio values 

Run 
Rotation speed 

(rpm): A 

Incremental 

depth (mm): B 

Surface 

roughness (µm) 
SN-Ratio 

1 0 0.3 0.46 6.69 

2 0 0.5 1.16 -1.32 

3 0 0.7 1.40 -2.92 

4 500 0.3 0.98 0.18 

5 500 0.5 0.81 1.87 

6 500 0.7 2.45 -7.78 

7 1000 0.3 0.76 2.37 

8 1000 0.5 0.87 1.22 

9 1000 0.7 2.37 -7.51 
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# G'#C P  4.12 �#@�O2 �(%�#>#&ห%?��อ�'ั�� ?"! NอคN@อ?!#@2 N/% S/N �อ� Surface 

roughness (%�@#/BNค#@>ห์ �&/N@ คN@อ?!#@2N/% S/N !PA2F �อ� Rotation speed  อ"GN#CP#> ?&#CP 1  
คEอ 0 rpm O%> คN@อ?!#@2N/% S/N !PA2F �อ� Incremental depth  อ"GN#C P#> ?&#CP 1 คEอ 0.3 mm 
Q%#@�!#��?%�O@!คN@อ?!#@2N/% S/N 2G�2F �อ� Rotation speed  อ"GN#CP#> ?&#CP 2 คEอ 500 rpm O%> 
คN@อ?!#@2N/% S/N 2G�2F �อ� Incremental depth  อ"GN#CP#> ?&#CP 3 คEอ 0.7 mm 

 

 

 

1ู!ท?N 4.12 Main effects plot for the S/N ratio for Surface roughness 

 

!@#@�#CP 4.6 O2 �คN@!อ&2%อ�คN@อ?!#@2N/% S/N !NอคN@ Surface roughness �อ�'ั��?"Q%O!N
%>#> ?& (%�@#/BNค#@>ห์�&/N@ คN@!อ&2%อ�คN@อ?!#@2N/% S/N �อ� Rotation speed  !CคN@!PA2F #CP
#> ?&#CP 2 คEอ -1.9082 O%>คN@!อ&2%อ�คN@อ?!#@2N/% S/N �อ� Incremental depth  #> ?&#CP 3 !CคN@
!PA2F  คEอ -6.0701 

�@1@�ท?N 4.6 Response table for S/N ratios of Surface roughness 

Level Rotation speeds (rpm) Incremental depth (mm) 

1 0.8178 3.0804 

2 -1.9082 0.5932 

3 -1.3061 -6.0701 

Delta 2.7260 9.1505 

Rank 2 1 
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(3) Analysis of Variance (ANOVA) 

 �@#คO%ห@'ั��?"#CP!C%?"">2Aค?�#@�2"B!B P "Q�O ANOVA N�CP"/�?&'ั��?"�อ��#>&/%�@#        
#CP2N�(%!Nอ�@#!อ&2%อ�O%>#> ?&ค/@!2Aค?��อ�'ั��?"#CP�B�@#�@ !@#@� ANOVA 2Aห#?&อ?!#@2N/%
2?��@�!NอN2C"�#&�/% �อ�คN@N�%CP" Residual stress O%> Surface roughness �อ��BQ%�@%ห%?��@#
�DQ%#G' คN@#CPR O�@��@#คA%/� #>&FQ%!@#@�#CP 4.7-4.8 (%�@#/BNค#@>ห์ค/@!O'#'#/% (ANOVA) 

�&/N@ Rotation speed 2N�(%!Nอ Residual stress 2N/% Incremental depth R!N2N�(%!Nอ Residual 

stress O!N2Aห#?&  Surface roughness  �&/N@ Incremental depth 2N�(%!Nอ Surface roughness 

2N/% Rotation speed  R!N2N�(%!NอคN@N�%CP"�อ� Surface roughness  #CP#> ?&ค/@!N�EPอ!!?P% 95 %  

�@1@�ท?N 4.7 Analysis of variance for the S/N ratios for residual stress 

Source DF Seq SS Adj SS Adj MS F P 

rotation speed (rpm) 2 85.422 85.422 42.711 17.96 0.010 

incremental depth 

(mm) 

2 26.544 26.544 13.272 5.58 0.070 

Residual Error 4 9.511 9.511 2.378   

Total 8 121.477     

S = 0.5420; R-Sq = 92.17 %; R-Sq (adj) = 84.34 % 

 

(%�@#/BNค#@>ห์ค/@!O'#'#/%2Aห#?&คN@อ?!#@2N/% S/N คN@N�%CP" Residual stress �&/N@ R-

Sq = 92.17 % O2 �QหONหO%/N@'ั��?"!Cค/@!2?!�?%$์�?%  'ั��?"#C P2 N�(%!Nอ Residual stress คEอ 
Rotation speed !CคN@ P-Value < 0.05 อ"GNQ%N�!/B�$!O2 �/N@'ั��?"2N�(%!Nอ residual stress  2N/% 
Incremental depth !CคN@ P-Value > 0.05 R!Nอ"GNQ%N�!/B�$! O2 �/N@'ั��?"%CQR!N2N�(%!Nอ residual 

stress  #CP#> ?&ค/@!N�EPอ!?P% 95%  ?�O2 �Q%!@#@�#CP 4.7 

!@#@�#CP 4.8 (%�@#/BNค#@>ห์ค/@!O'#'#/%2Aห#?&คN@อ?!#@2N/% S/N คN@N�%CP" Surface 

roughness  �&/N@ R-Sq = 82.91 % O2 �QหONหO%/N@'ั��?"!Cค/@!2?!�?%$์�?%  'ั��?"#C P2N�(%!Nอ 

Surface roughness  คEอ Incremental depth !Cค N@ P-Value < 0.05 O2 �/N@'ั��?"%C Q2 N�(%!Nอ 

Surface roughness อ"N@�!C%?"2Aค?�.  2N/% Rotation speeds !CคN@ P-Value > 0.05 O2 �/N@
�@#@!BN!อ#์%CQR!N2N�(%!Nอ Surface roughness อ"N@�!C%?"2Aค?�. #CP#> ?&ค/@!N�EPอ!?P% 95% 
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�@1@�ท?N 4.8 Analysis of variance for the S/N for Surface roughness   

Source DF Seq SS Adj SS Adj MS F P 

Rotation speeds (rpm) 2 12.30 12.30 6.152 0.81 0.505 

Incremental depth 

(mm) 

2 134.32 134.32 67.158 8.89 0.034 

Residual Error 4 30.23 30.23 7.557   

Total 8 176.85     

S = 2.7489; R-Sq = 82.91 %; R-Sq (adj) = 65.82 % 

 

(4) Regression Analysis 

 �@�(%�@## %อ�R OคN@'ั��?"Q%�@#�DQ%#G'#CP C#CP2F !Nอ Residual stress !PA2F  คEอ Rotation 

speed 0 rpm and Incremental depth 0.3 mm �@��@#ค@ �@#�์ Residual stress !PA2F  O/"
/B$C�@##@�G�B !C Residual stress N#N@�?& 21.55 MPa 2N/%(%�@#/BNค#@>ห์2!�@#" "อ"N�EPอค@ �@#�์ 

Residual stress O2 � ?�2!�@# (14) 
 

Residual stress (MPa) = 7.20 + 0.03719(Rotation speed) + 52.9 (Incremental 

depth) 

(14) 

 

O#%คN@N�EPอค@ �@#�์ Residual stress Q%2!�@#" "อ" �>R OคN@ ?�%CQ 
Residual stress (MPa) = 7.20 + 0.03719(0) + 52.9 (0.3) 

       = 23.07 MPa 

 �@#@!BN!อ#์#> ?&#CPNห!@>2!2F 2Aห#?& Surface roughness !PA2F  คEอ Rotation speed 0 
rpm O%> Incremental depth 0.3 mm �@��@#ค@ �@#�์ Surface roughness !PA2F  O/"/B$C�@#
#@�G�B !C Surface roughness N#N@�?& 0.491 µm  2N/%(%�@#/BNค#@>ห์2!�@#" "อ"N�EPอค@ �@#�์ 

Surface roughness O2 � ?�2!�@# (15) 
 

Ra (µm) = -0.586 + 0.000326 (Rotation speed) + 3.350 (Incremental 

depth) 

(15) 

 

O#%คN@N�EPอค@ �@#�์ Surface roughness Q%2!�@#" "อ" �>R OคN@ ?�%CQ 
Ra (µm) = -0.586 + 0.000326 (0) + 3.350 (0.3) 

    = 0.419 µm 



 
 

62 

 

�@1@�ท?N 4.9 N'#C"&N#C"&(%�@## %อ��?&(%�@#/BNค#@>ห์#@�2"B!B�อ�(%!อ& 

Response 

statistical analysis 

Experimental Taguchi 

model 

Regression analysis 

Residual stress (MPa) 21.55   23.07 21.14 

Surface roughness 

(µm)   
0.491 0.419 0.460 

 

�@�!@#@�#CP 4.9 O2 �(%�@#N'#C"&N#C"&�@## %อ��?&(%�@#/BNค#@>ห์#@�2"B!B �&/N@ �@#
"E%"?%(%�@## %อ� Residual stress !CคN@N�%CP"N#N@�?& 21.14 MPa �@##A%@"คN@ค/@!NคO%!�คO@�
 O/"/B$C#@�G�B O%>�@#/BNค#@>ห์ O/"2!�@#" "อ"!CคN@N#N@�?& 21.55 MPa O%> 23.07 MPa !@!%A ?&  
2N/%�@#"E%"?%(%�@## %อ� Surface roughness !CคN@N�%CP"N#N@�?& 0.46 µm  �@##A%@"คN@ค/@!
NคO%!�คO@� O/"/B$C#@�G�B O%>�@#/BNค#@>ห์ O/"2!�@#" "อ"!CคN@N#N@�?& 0.491 µm O%> 0.419 µm  
!@!%A ?& �@��@#N'#C"&N#C"&(%�@## %อ��?&(%�@#/BNค#@>ห์#@�2"B!B�อ�(%!อ& �&/N@              
!CคN@Q�%ONคC"��?% 
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 ทท?่ 5 

ส/ุ!"ล�@/ว>จ?.Oล>�้อNส�อO�> 
 

�2106�12/4�10%5Q#3�2106�12�10&/%�21�6Q%19'อ39/4N%50/(2/ Al5052  O/0�10&/%�21�6Q%19'
O&&!NอN%7Pอ� O/0�2121/(12O&&2อ��8  Q%�21# 3อ�#3�21N'150&N#50&!1/O'1Q%�21�6Q%19' R OO�N 
ค/2/N1O/1อ&Q%�21�6Q%19'#5P 0-1000 rpm ค/2/N1O/N 4% O301000Q%�21� 36�#5P 0.3-0.7 /4334N/!1 
ห31��2�%1Q%#3�21!1/�2อ&ค/2/Nค150 &%(4/�4Q%�2% ค/2/N150&(4/ !3อ �%!1/�2อ&21�ฐ2%/4#02
�อ�อ39/4N%50/ O/0N#ค%4ค�21N35Q0/N&%11�25NอO��์ (X-Ray Diffraction) �2�%1Q%%3คN2�2�(3�2��21
ค3%/�/221O2�2/�21N2O%!1�Nพ7Pอห2ค/2/NคO%!�คO2� ห31��21�6Q%19' �6P�(3�21# 3อ�22/21"218'R O
 1�%5Q 
 

5.1 ส/ุ!"ล�@/ว>จ?. 

 1. �2106�121000Q%�21� �6 Q%19'พ&/N2#5 P1000ค/2/36�Q%�21� 36�#5 P 0.3 /4334N/!1 
พ2!4�11/ค/2/Nค150 �อ��4Q%�2%31�1�0�2107 Q%O%/&5&อ1 !2/O%/O�% (Uniaxial compression) 

1//�1&พ2!4�11/O&&N�7อ% (Pure shear) O30N/7PอNพ4P/1000� 36�N'็% 0.5 /4334N/!1 พ2!4�11/�อ�
/12 8/5พ2!4�11/O&&07 Q%O%/O�%ห31�O30R'Q%#40#2��อ��2107 O%/O�%N 50/ (Plan stain) 
!3อ �%/519'O&&�2107 Q%O%/O�%ห31� (Plan stain) O30คNอ%�O2�N'็%19'O&&�อ��2107 ออ�2อ�
O�% (Biaxial tension) N/7Pอ1000Q%�21� �6Q%19'/5O%/P%O/Nพ4P/29��6Q% 

 2. ค/2/N1O/1อ&Q%�21�6Q%19'พ&/N2#5Pค/2/N1O/1อ&Q%�21�6Q%19' 0 rpm พ2!4�11/�อ�/12 8    
P 01N//อ09NQ%2.2/007 !16�!2/O%/O�%ห31� O!NN/7PอNพ4P/ค/2/N1O/1อ&N'็% 500 rpm พ2!4�11/�อ�
/12 8/5�21N'35P0%O'3�ค/2/Nค150 !2/O�%ห31�Nพ4P/29��6Q%O30/5O%/P%O/N�4 �2107 2อ�O�%(2/�1&
2.2/007 !16�!2/O%/O�%ห31� �2�%1Q%N/7PอNพ4P/ค/2/N1O/1อ&Q%�21�6Q%19'29��6Q%N'็% 1000 rpm        
คN2ค/2/Nค150 �อ��4Q%�2%/5คN2Nพ4P/29��6Q% O30�21N'35P0%O'3�พ2!4�11/P 01//N'็%O&&�2107 !16�    
Q%O%/O�%ห31�O30/5O%/P%O/N'็%O&&�2107 O&&2อ�O�%N/7Pอค/2/N1O/1อ&Q%�21� �6Q%19'Nพ4P/29��6Q% 

 3. คN2ค/2/NคO%!�คO2��อ��4Q%�2%ห31��21�6Q%19'พ&/N2ค/2/N1O/1อ&O301000Q%�21� �6Q%19'
2N�(3!NอคN2ค/2/NคO%!�คO2� ค7อ N/7Pอค/2/N1O/1อ&O301000Q%�21� �6Q%19'Nพ4P/29��6Q%O%/P%O/�อ�      
คN2ค/2/NคO%!�คO2�/5คN2Nพ4P/29��6Q% 

 4. คN2ค/2/N150&(4/�อ��4Q%�2%ห31��21�6Q%19'#5Pค/2/N1O/1อ&Q%�21�6Q%19' 0-1000 rpm 1000
�21� 36� 0.3-0.7 /4334N/!1 พ&/N2#5Pค/2/N1O/1อ&Q%�21�6Q%19' O301000Q%�21� �6Q%19'!P3 คN2ค/2/
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N150&(4/�อ��4Q%�2% 5�6Q% O30N/7PอNพ4P/ค/2/N1O/1อ&O301000Q%�21� �6Q%19'Nพ4P/29��6Q%O%/P%O/�อ�
(4/�4Q%�2%/5ค/2/N150&(4/29��6Q% 

 5. 'ั��10�21�6Q%19'O&&!NอN%7Pอ�#5PNห/202/ ค7อ �21# 3อ�#5P 1 ค/2/N1O/1อ&Q%�21�6Q%19'#5P 0 
rpm O301000Q%�21� �6Q%19'#5P 0.3 /4334N/!1 QหOคN2ค/2/NคO%!�คO2�O30คN2ค/2/N150&(4/%Oอ028 #5P 
21.54 MPa O30 0.46 µm �21/4Nค120ห์1Oอ030�อ�อ4#$4พ3ห31��อ�O!N30'ั��10 พ&/N2 ค/2/N1O/1อ&
Q%�21�6 Q%19'N'็%'ั��10#5 P/5(3!Nออ1!122N/%21ญญ2�!NอN250�1&�/%N�35 P0�อ�คN2ค/2/NคO%!�คO2�
1อ�3�/2N'็%ค/2/36�Q%�21�  O!NQ%#2�!1��1%�O2/ค/2/36�Q%�21�6Q%19'2N�(3!NอคN2ค/2/N150&(4/
/2��/N2ค/2/N1O/1อ&Q%�21�6Q%19' 

 6. (3�21N'150&N#50&�21# 3อ��1&(3�21/4Nค120ห์#2�2"4!4 พ&/N2 �2107%01%(3�21# 3อ� 
Residual stress /5คN2N�35P0N#N2�1& 21.14 MPa �21#3%20คN2ค/2/NคO%!�คO2� O/0/4$5#2�9�4 O30�21
/4Nค120ห์ O/02/�21" "อ0/5คN2N#N2�1& 21.55 MPa O30 23.07 MPa !2/33 1&  2N/%�2107%01%(3
�21# 3อ� Surface roughness /5คN2N�35 P0N#N2�1& 0.46 µm �21#3%20คN2ค/2/NคO%!�คO2� O/0        
/4$5#2�9�4 O30�21/4Nค120ห์ O/02/�21" "อ0/5คN2N#N2�1& 0.491 µm   O30 0.419 µm !2/33 1&   
�2��21N'150&N#50&(3�21# 3อ��1&(3�21/4Nค120ห์#2�2"4!4�อ�(3!อ& พ&/N2 /5คN2Q�3ONค50��1% 

  

5.2 �้อNส�อO�> 

 �21/4�10�2106�12อ4#$4พ3�อ�'ั��10#5 P2N�(3!Nอค/2/N150&(4/O30ค/2/NคO%!�คO2��อ�
อ39/4N%50/(2/ AA5052  O/0 Two points incremental forming (TPIF) process /5�OอN2%อO%0
�อ��2%/4�10 1�%5Q 
 1. Q%�2106�12/4�10ค11Q�!NอR'ค/1/5�21!1/�2อ&(3�10#&�อ�'ั��10#5P2N�(3!Nอ�%2 (36� 
�21Nพ4P/�6Q%�อ�'14/2� 42P3Nค�1P%�อ��4Q%�2%ห31��21�6Q%19' O/0N#ค%4คอ7P% N 

 2. Q%�2106�12/4�10ค11Q�!NอR'ค/1/5�21!1/�2อ&(3�10#&�อ�'ั��10 O/0N#ค%4ค�21�33อ�
 O/0คอ/พ4/N!อ1์ (FEM) Nพ7Pอ07%01%(3�21# 3อ� 
 3. Q%�2106�12/4�10ค11Q�!NอR'ค/1/5�21!1/�2อ&(3�10#&�อ�'ั��10#5Pห32�ห320 N�N% 
ค/2/N1O/N 4% 221ห3Nอ37P% /3/ N%7Pอ��2�อ2�2N�(3!Nอ�4Q%�2%ห31��21�6Q%19' 
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